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THE PHOTOEFFECT OF A BILAYER LIPID MEMBRANE

CONTAINING CHLOROPLAST EXTRACTS

By

Paul K. Shieh

Following Braun's idea of redox reaction in a glass 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 encited and will

dissociate into electron and hole (or positive charge)s 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 electron 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.1 From the functional

membrane point of View, Chl—BLM functions as a photovoltaic cell and

is capable of absorbing and releasing electrons in 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 membrane

potential in dark; the presence of redox compounds to the aqueous

phases which can be of importance in effecting this membrane associated

redox reaction when carrying out photofemf measurements.

Results for the present study were: 1).the discovery of the

maximum BLM photofiemf enhancement and the possible reaction mechanism

under proper conditions, such as good redox compounds, the prOper pH

of aqueoussolution, the membrane potential in dark, and the combination

_Vof one or two of the above circumstances; 2).the determination of the

electron donating or accepting power of redon 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.

a
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CHAPTER'I

INTRODUCTION

It is well known that, in biological systems, the most important

structures are membranes, which constitute the large part of cytoplasmic

organelles as well as surface barriers between cells. The membranes

are important not merely in their structures but also in their functions

through the biological processes. For instance, as Muehlethaler [1966]

has pointed out, the photochemical 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". 1

Even though the biological membranes are believed to be crucial in

the function of biological processes, the direct investigation into the

function of biological membranes is still not well developed due to

their structural complexity.

.Since the concept of bilayer in biological membrane was established

by Gorter and Grendel [1925] in the early twentieth century, the

relevant model systems have been studied instead of the biological

membrane itself. The search for a better membrane model has developed

a method for the formation of bimolecular lipid membrane (or BLM) in

aqueous solution by Mueller, Rudin, Ticn, and Wescott [1962, 1963].

1



The bimolccular 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 segment sac membrane

of retinal rod. A schematic representation of these basic units

visualized under the electron microsc0pe has been provided by Tien [1971].

It has been evident for many years that if the bimolecular lipid layer

were indeed the major structural component of biological membranes,

knowledge concerning the prOperties and the formation of such a

structure in gitrg would be of both experimental and theoretical

significance.

Excellent review articles in the general field of BLM can be found

elsewhere. The general surveys from 1962 to 1967, 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].” It seems 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 resistance. In some cases,

lbilayer resistances may exceed those of natural membranes by a factor

of more than 106. 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 components to the systems.

Mueller et a1. [1964] have found that a protein obtained from a variety
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of sources can lower the membrane resistance by a factor of 10” or more.

Similar results were obtained with the cyclic polypeptide, alamethicin

by Mueller et al. [1968]. In spite of the electric resistance difference

in BLM from that of natural membrane, investigations of bilaycr lipid

membranes have bcth extended and served hitherto to emphasise the

limitations of membrane models. The specificity and variety 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. 9

The most intensive studies of the BLM system hitherto are the light—

induced phenomena which were first reported by 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. It 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 the ultrathin membrane clearly

demonstrate the existence of mobile electrons and holes in the membrane

‘structure. Similar evidence of electronic conductance in BLM was

reported by Jain et a1. [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 ChlnBLM photo~emf has been found in the presence of some

proper dyes and ferric chloride. It is suggested that one side of
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Chl~ijiqli is oxidized and thn other side is reducxxd when light is: turned

on. The result is finite agreeable with that of Boguslavsky et a1.

[1972], where photopotentinl of BLM in the presence of Fe salts and

thiOni 11;; d
"
Ce can be explained en the basis of redox reaction taking

place in aqueOus and lipid phnses.

Study of the BLM lightwinduced phenomenon and its relation to biol-

ogical function has only begun, however. The.most important works have

been those of reconstructing the vital biological functions, such as

the problems of the visual process, using a carotenoid—BLM [Tien and

Kobamoto, 1969], and photosynthesis and its related phenomena [Clayton,

1965; Franck, 1957; Mitchell, 1961], where the BLM can serve as a model

of the photosynthetic apparatus to study the detailed mechanism of

photosynthesis in plants. However, up to now full information of the

detailed mechanism of the light~induced electronic process of BLM still

is needed in order to survey those light events which occur in biological

systems.

Statement of the Problem;
 

Following Braun's idea of redox reaction in glass test tube, Tien

has successfully demonstrated that a Chl—BLM non—metallic substance in

aqueous environment, was capable of effecting redox reaction across the

membrane. When light is directed onto CherLM, the pigment (Chl) in

the membrane will be excited and dissociated into electron and hole

(or positive charge). This presence of electron acceptor on one side

of the membrane/solution interface will then capture this electron and

the hole will move across the membrane and be caught by electron donor

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



Functitnai membrane point of View, it functions just like a photovoltaic

cell (or phutflhfittth) and is capable of absorbing and releasing

electrons by light to facilitate the redox reaction across the membrane/

C(Jllltlt‘n interface.

Fit-cunt?" the TDTvfliif’J‘Ll intenmt in this area has been focused on the

detailed htghunlsm of this redox reaction across Chl—BLM. Several factors

can be of importance in effecting this membrane associated redox reaction

when carrying out photo-emf measurements: (l) the light intensity, (2)

duration time, (3) the amount of chlorophyll in ELM, (4) the pH gradient

across the BLM, (S) the membrane potential in dark, and (6) the

presence of redox compounds to the aqueous phases. The first three

factors of Chi—BLM photo—emf response have been studied intensively and

reported elsewhere. This work will mainly concern the last three

factors of the Chl~hLH photuwemf response, which are still not quite

known.

This research has three objectives. They are: (l) finding good

redox compounds, the proper pH gradient across the membrane, the

membrane dark potential, and the combination of 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 BLM reference electrode photomemf technique; and (3)

establishing a simple and well-defined equation and parameters which

correlate with the ChleBLM photo—response. Hopefully these parameters

might inform us of some meanings for the phenomenon itself.

Chapters IV and V will describe the pH dependent and membrane dark

potential efi'uct on (311431.34 photo-«remmnse and the detailed mechanism.



A complete description of the behavior 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 Chi—BLM

photo—emf enhancement in the presence of proper 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.



CHAPTER I I.

L ITERATURE RE VIEW

DEVELOPMENT OF BIOLOGICAL MEMBRANE MODELS

Historically, the existence of lipids in the biological membrane

was first found by Overton in 1999. His experimental evidence is that

lipids or lipid-like materials could diffuse across plant plasma

membranes. Then, in the early twentieth century, a simple bilayer

concept was developed by Carter 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 thickness [Carter and Grendel, 1925].

Owing to the complexity of biological membranes, people began to

study them in model systems instead. Very_often, earlier models were

criticized either because they did not meet the required bimolecular

thickness of cell membranes, or because they had quite different

properties and environment compared with natural membranes.

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

bimulecular thickness of most biological membranes had been ascertained.



It appears that all biological membranes possess a common structure

consisting of a bimolecolar lipid leaflet covered on both sides by a

layer of protein or other nonlipid material [Robertson, 1967]. ‘ive

types of biological membranes which possess this himolecular leaflet

have been diagrammatically snown [Tien, 1971]. All of them possess a

0

bimolecular leaflet unit 50 to 100 A thick.

FORMATION OF BILAYER (OR BIMOLRCULAR) LIPID MEMBRANES

The search for a good membrane model to study those of biological

membrane events has finally been 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—Blodgett multilayers, and then played with soap

bubbles and films. Two early publications 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 develoPment of

monolayer, soap films, and colloid chemistry lLawrence, 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 make a film of two monolayers

sandwibhing an organic phase in aqueous solution. As far as forming a

BLM is concerned, it is easier than spreading a manolayer at an air/water

interface. By preparing electron mierographs, they estimated the

0

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



proteins were allowed to absorb onto the BLM this 1 po~protein system

could be made electrically excitable.

 

 

General Properties of BLM and Their Similarity to liiag_:o_j._.r,__l_(;a'lm7“;fliprungs

Within the past decade, many projects of BLM, such as basic

structure of BLM, its formation technique, its chemical and physical

properties, were under investigation. An excellent review article for

the technique of membrane formation and some basic physical~chemical

properties of BLM was published by Tien and Diana in 1968. A comparison

of known pr0perties of BLM with those of natural membranes has been

made by Tien and Diana [1968]. It seems that the BLM possess certain

dimensional, electrical, permeability, and "excitability" characteristics

which closely resemble those of biological membranes.

HISTORICAL DEVELOPMENT OF REDOX REACTION

(ELECTRONIC CONDUCTION PROCESSES) IN BIOLOGICAL SYSTEMS

It is understood 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 take 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 reaction" 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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(luteritined by the ratio of the concentration of oxidant to reductant,

or the reaction 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 higher) potential point to the negative (or lower) potential point.

A great 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

transmcmbrane 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 very 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 energy 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 [1951]. In the

study of photosynthesis, he proposed that the electrons raised to a

higher energy level by the observed light could move and transport

their energy freely through the system of chlorophyll molecules assuming

those chlorOphylls were packed very closely in the system analogous

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, in which pigments in

thylakoid membrane absorbed light transferred to a "reaction center".

This excitation 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]. he postulated

the process 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 Nelson [1957]. The

results of their experiments indicate that dried chlorophyll and

chlorophyll film have organic semiconductor aharacteristics.

However, the redox concept in bio-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 occurring at this membrane surface was

the driving force for this deposition. More recently, Mitchell [1966]

developed a chemiosmotic hypothesis of phdsphorylation 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 "clectrostcnolysis". The



subject has been briefly reviewed by Tien [1972]. It was suggested

that a reduction reaclion occurred at the side of the barrier where

the anode was situated, and an oxidation reaction took place on the

Other side of the barrier. Two experimental observations to support

this explanation were provided by hecquerel [1867, 1877] and Braun

[1891 a, b]. Racquercl tound that rctnllic crystals were deposited

on the inner side and a dark yellowish layer of liquid could diffuse

fr n the outside surface to solution, when a copper nitrate solution

in a test tube with cracks was placed in a sodium sulfide solution.

It was assumed that COppcr ions were deposited from the reduction of

c0pper nitrate, and from the dark yellowish liquid polysulfide which

was oxidized from sulfide ion on the other side. Braun [1891] used

a glass tube with fine cracks filled with a diluted chloroplatinic

acid, which was then immersed 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 been a number of studies of electrostenolysis since

Coehn had his terminology of electrostenolysis. In 1961, Kallman

and Pope observed a number of redox reactions as well as photoconduct—

ivity through a thin crystal anthracene layer as a barrier. They

found that this photocurrcnt could be enhanced in the presence of

oxidizing agents such as Ce+h and I2.

The nest 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



13

[Tien, 1968, 1971; Tien and Verma, 1970; Jain et a1., 1970; Pant

and Rosenberg, 1971].

Tien [1972] has extensively studied the electronic conduction

process in photosensitized 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—BLM 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 a1. [1972]

where photopotential of BLM in the 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 gave 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

EXPERIMENTAL

1. Materials Used and Solution Preparation

8. Chl—BLM Forming Solution Extraction
 

The chlorophyll pigments used in this investigation were 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

1.

al. [1968]:

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 KHCO3) buffer solution at pH 7.5. First

run them in the blender with low Speed, then with high speed

for 30 seconds after all leaves 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 H20 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. Extract 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 procedure 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 l:l n—butanol and dodecane to the residue._ This

is the Chl~BLM extract. I

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 used 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

H20 soluble compounds. The concentration was 10"1 (M/l). Fer H20

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

solutions had pH at 4 to 5, except those made for other purposes.
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3, Techniques of Chl—RLM Formation
 

About 0.002 ml of BLM forming solution was injected into the hole

in the teflon chamber with the aid of a microsyringe (Hamilton 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

cm and thickness of 60 to 90 A. A stable ChlfBLM can last for several

hours.

2. Apparatus and Electrical Measurements

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

is illustrated in Figure l. The components in the set-up include:

a. Light source ~~ Keystone movie projector (Model K~525) and

the projector lamp (DFC 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 aperture~of 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 diameter was punched through it.

e. BLM outer chamber -— It was made of glass, the front portion

of which was flattened to facilitate the observation of the

membrane.

f. Stirring —~ Two magnetic 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. Calomel electrodes -— Electric contact with BLM was made

through a pair of calomel electrodes which were immersed in

the BLM aqueous solutions. 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

this electrometer which Was connected to calomel electrodes

through a connection box.(Keithley Model 610B).

i. External variable voltage source —~ An external current can

be passed to BLM by an external battery through an external

resistor in series with the BLM. This external set—up is

from Heath, 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 Q, the

other 470 x 103 a.

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

It came from'Servo—Recorder, Model EUw—ZOA.

3. Procedure

a. Photo-emf Measurement
 

The Chl—BLM photo-emf was studied in a setuup as illustrated in

Figure l. The cell arrangement is represented as follows.



Figure l.
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Set-up for BLM photo-response measurement.

light source, projector lamp

shutter

heat absorbing filter

focus lens

BLM inner chamber

BLM outer chamber

electric stirring

stirring motor

calomel electrodes

‘ connection box

electrometer

variable voltage source

resistance substitution box

recorder
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swturated'aqueous BLM aqueous saturated

calome'.1. solution solution calomel

electrode . electrode

The membrane potential was measured with an electrometer (Keithley,

Model 610 B) through the connecztion of a pair of calomel electrodes

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

fed into a chart recorder (Servo—Recorder, Model EUW-ZOA). 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 photobattery and photo-generated

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

1

position Z, and Vp and RD were connected parallel to R.m and Cm as

suggested by Ilani et al. [1972]. When Chl—BLM photo-emf was measured

in the absence 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 8 was closed at position X. If only

3

the external battery (EE) was applied, the switch Ss'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 105 to

109 ohms.



Figure 2.
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Electric circuits for BLM photo-response

Cm = membrane capacitance

E = electrometer

'EE = external battery

P = voltage divider and switch for applying

polarizing potentials

R.In = membrane resistance

R1) = light generated resistance

RE = input resistance

R = internal resistance of applying voltage source

S = switches l, 2, and 3

V = BLM photo-battery
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The membrane resistance was calculated according to Ohm's law

for the circuit shown in Figure 2; it was

 

where RF was the input resistance, EE was the applied voltage and Vm

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 (Ad) can be measured and calculated as

follows:

AVD

1) RD = EE - AVD ° RE

where AVD = (VDelose ~ VDOP)

= membrane dark potential difference in the presence and

absence of external voltage and resistor.

AV

2> Rpm-s
E L .

where AVL = (V \ - VL )

close op

= membrane light potential difference in the presence and

absence of.external voltage and resistor.

'3) PD = membrane resistivity in the dark

RD ° 1

where 1 is the diameter of membrane (d0.1 cm) and PL = RL x 1.



4) on = membrane dgrk conductivity

5) AS = membrane photoconductivity



CHAPTER 1V

RESULTS

1. Basic Properties

a. Chi—BLM Photo-emf asng 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 minimum value of electric capacitances

around pH 4 of aqueous solution. Tien [1971] also found that BLM

formed from chloroplast extracts differ from lecithin or oxidized

cholesterol BLM in that they are sensitive to hydrogen ion (H+). In the

pH range of 4 to 6, a membrane potential of 50 to 58 mV per 16-fold

H+ 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 asked: (1) What is the effect

of pH on the potentials in the dark? (2) Does 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 aqueous solutions

+ -- ;

can be made by adding H or OH to the inside of BLM cell, while the

25
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pH of KCl (10”1 N) in the outer solution is fixed at 5.5. The open—

circuit membrane potential in the dark under a pH gradient can be read

from a Keithley 610B electrometer. After the steady membrane potential

in the dark is reached, a 6 second light duration is then applied for

the measurement of BLM photo-emf.

Figure 3 is the plot of ELM dark and light—induced membrane

potential versus the pH of KCl aqueous solutions. Chi—BLM exhibit

three flat portions of dark potential in the whole pH range; these

are lower than pH 3.7, between pH.5 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 reached at pH 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 at pH 8. Figure

3 and the above description indicate that the resulting curve of this

experiment is a typical titration curve. There are two probable pKa

values existing for 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

‘membrane potential is shown as a solid line in Figure 3. Figure 4

is the graph of Chi-BLM photo-emf versus concentrations of H+ (10"2 M)

added to the inner chamber. Figure 5 is an alternative graph from

Figure 4, obtained by plotting BLM photo—emf versus the pH difference

of outer KCl aqueous solution from the inner. It is found that Chl—BLM
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a?

Law a m Ximum photomemf at pH 4 or ApH 1.35; this photo-emf is about

9 to L3 mV, with H ~eontaiuing side'becoming more negatively charged.

h. The General Characteristics of FeCl3 in the Chl-BLM Photoeffeets

 

The study of the electrical properties of bimolecular lipid

membrane in the presence of FeCl in aqueous phase has attracted

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 addition of Fe+3 probably makes this

charge fixation more exact. BLM made from 1ecithin-cholesterol-decane

has been reported by MacDonald et a1. [1972] and shows the resistance

drop by a factor of 105 to 106 with the addition of mierograin

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

.34.

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.

.Since BLM with FeCl3 has gradually become well known in the study

of membrane associated phenomena, a better understanding of the general

preperties of FeCl in the bimolecular lipid 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 pH of KCl

(lO—I‘M/l) aqueous solution in the inner chamber, while

the pH of KCl aqueous solution in the outer chamber

rr
is held at constant value of 5.5
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Figure 4 . Chl-BLM photo-emf (m?) versus HCL concentration which

has been added to the BLM inner chamber. The KCl

(10"1 MN.) aqueous. solution in BLM outer chamber has

a constant pH of 5.5. Here 6 second light illumination

is applied. Chl-BLM photo-emf is obtained by sub—

tracting Chi—BLM light potential from the dark

potential.
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Figure 5.
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Chl-BLM photo-emf (mV) versus the change of KCl pH

in the inner chamber by the addition of HCl (IO-u

M/l), while the pH of KCl solution in outer chamber

has the constant value of 5.5. The maximum Chl-BLM

photo-response is about 9 to 12 mV when the KCl

solution in inner chamber has pH around 3.85 to 4.



 

C
h
i
-
B
L
M

p
h
o
t
o
-
e
m
f

(
m
V
)

 
 

_.._2

E = V - V .,
I’Lv L D J/ U”’; __ 3:

“-2

D/

\

......~4 [3‘3

._.6 U\
[3

__ -8

E]

.. -lO .

l l J I

3.0 2.0 1.0 0.0

ApH of KCl (10'1 M/l) aqueous solution



The general pCvaCLiUS of TaCl” in Chl—BLH system which still

.,I

are not tell lnown will to included such as: (1) how long it will take

the Chl—EZ‘LH to readl its :t‘:ax'f'_:';a:.1 :I‘unoi:o-emf :‘t‘b‘iz-ol’ufse after Ij‘cCl3 1138

been added to the s stem; (2) what the alternate light and duration

time effects upon Chl-QLH lighf~jniuced emf are; (3) what the Chl~BLM

photo-emf will be when either buffer acetate of KCl is the aqueous

phase of the system. {Do both cases of Chl~hhfi phOtONEHf have dif—

fe‘cnt response-\uflinnf? Wha chum; chl3 COUikLlfrdtiOn dcperuhnice on

Chi—BLM photo-emf response look like?); (4) how to obtain the Chl—BLM

absolute photo~emf which is merely due to Fe+3 ion itself and; (5)

whether Chl~BLM dart resistance also is dependent on the amount of

FeCl3 presented. All these prepcrties will be investigated in this

section.

l) Time dependent measurcnunt upon cnr~nru 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.

FeCl3 (10‘3 M/l) was added to the inner,ehamber of BLM cell with

NaAc as aqueous solution. 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 6 shows Chl~BLN.photo-emf versus the time after FeCl3 had

been introduced. It was found that the system takes about 1,000

seconds after FeCl3 has been added to reach its equilibrium time of

photo—reaponse. This maximum photo-emf is approximately ~21 to -26 mV;



Figure 6. Chl—BLM photo~cmf as a function of time (second) in

dark after reel.3 (10*3 M/l) has been added to the

inner chamber. NaAc with pH of 5 was added to both

sides of BLM interface.
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the negative sign of photo—emf represents the be 3—contain1ng Slde

becoming negatively charged in the light. It is also seen from the

C" - 4..- ~ .. s. - - . v ~ . . -' '

ligure that the photo-emf lesponses maintain almost constant value

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

2) altggnate li£h£_and duration time onto the Chl—BLMgphoto—emf
 

~2
in the presence °f_£?:3lfi]0 ‘ M) near KCl and NaAc aqueous solution.
 
 

i) Duration time measurement

It is known that there are three factors which must determine the

quantity of BLM photo-emf response. 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 maximum time of illumination 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 FeCl3 (10"3 M/l) is set in

the inner chamber of BLM cell, and when the aqueous solutions are KCl

(10"1 M), pH of 5.5. Big seconds, 18 seconds, 30 seconds and 60 seconds

as times of illumination are used in this measurement. Figure 7

shows several different photo-emf waveforms with respect to different

times of illumination. It is indicated that each waveform, even

though it has a different time of illumination, reaches the same amount

of maximum photo-emf response. 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 KCl aqueous phase

3

will reach its maximum photo—emf within 1.5 seconds of illumination

time.



Figure 7. Chl—BLM photo—emf patterns in the presence of FeCl3

(10“3 M/l) as function of illuminated time (seconds).v

Every photo—emf seems to reach the same maximum

reSponse even though each has different time of

illumination.
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Figure 8. Chl—BLM photo-emf pattern in the presence of FeCl3

(10"3 H/l) in inner chamber. KCl (10"1 M), pH 5.5

was present in both sides of BLM chamber. This is

a 6 second light illumination and the maximum

response seems to be reached within 1.5 seconds

of light illumination.
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Figure 7 also dcmonstratss that the slow COMpouent of photn*emf

waveform increaSes its rate as the time of illumination increases.

It is found that the waveform of Chl—BLM potential after light is off

will drop and pass the base line of dark potential toward a less

negative value. The longer the illumination time, the greater the

potential drop. 60 second illumination time of BLM photo—emf waveform

has the fast rate of slow component and the membrane will quite often

break near 60 seconds of illuminated time.

ii) Alternate light effect On Chi—BLM photo—emf measurement

Two observations of alternate light effect on Chi-BLM photo-emf

have been made, one in KCl aqueous solution phase and the other in

sodium acetate buffer solution phase. In the KCl system, light is

directed onto Chl~BLM with 6 second illumination. The time interval

between two lights is 200 seconds. Figure 9 shows the result of this

observation.

In NaAc system, light is directed onto Chi-BLM with 6 second

illumination. The time interval between two lights is 6 seconds.

Figure 10 shows the result of this second observation. The main

difference between 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 line within 6

seconds and prepare for another light duration. In the KCl system,

when light is "off", the potential will not drop back down to the

starting line; instead, 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. Chl-BLM photo~cmf as'a function of alternate light

in the presence of FeCl3 (5 x 10"3 M/l) in the

inner chamber near KCl (10"1 M/l) aqueous solutions.

Six second illumination is applied and 200 seconds in

dark is allowed between illuminations.
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Figure 10. CHI—BLM photo—emf as a function of alternate light

in the presence of FuC] (5 x 10‘3 M/l) in inner
3

chamber. NaAc (10"1 M/l) aqueous solution is used.

Thirty seconds of 1]]uminution and 30 seconds in

dark between lights.
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NaAc system, but not in the {Cl system. As has been described before,

in the K01 system the H+ in the Fe+3—containing side always tries to

some degree to attract the electrons produced in light and prevents

the complete recombination of these electrons with light~generated H+

in the other side.

rs

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

 

FeCl3 was introduced into one of the two aqueous KCl (10-1 M) solutions

separated by Chl—BLM5 with both sides at pH 5. Six seconds of illumi-

nation was directed onto the Chl—BLM for every 500 second interval in

the dark between two different amounts of FeClB. Figure 11, curve a

3

response. It shows that the Chl—BLM will have the maximum photo-emf

gives the relation between FeCl concentration and Chl-BLM photo-emf

of ~53 mV at F043 (2 x 10'” M/l). The negative Sign of photo—emf

here means that the Fe+3~containing side becomes more negatively

charged in light.

1km important 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

pH change of the adueous 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 the amount of Chl~BLM photo—emf due to H+ ion.

(2) A significant Chl-BLM dark potential can be created after the

addition of FeCl3 and a negative sign of potential on the FeClB—

containing side. This resulting dark potential gradient is presumably

due to the diffusion of Chl~BLM sensitive H+ from the FeCl3-containing

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



Figure 11. Chl—BLM photo—emf as a function of Fe013 concentration

(10"5 M/l). The pH of inner chamber which corresponds

to each FeCl3 concentration is shown in the bottom

scale. Curve h_is ChluhLM photo~cmf versus pH change

. . . r+
of K61 aqueous solutinn in inner chamber when d

replaced FeCl3.
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Figure 12. Chl—BLM photo—emf as a function of FeCl3 concentration

in KCl aqueous solution only, while H+ (contained in

170.013 so’lhlglox‘l) 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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(tumult; p1‘.;‘«..<<“s of Chis-135-31. The 1513. of the lune: BLT-l Chtmdx-zr becomes

lower with the addition of FCC13 tn_this side. Figure 13 is a curve

which show: this non~linear relationship between Chl—BLM dark potential

and the pH change of the aqueous solution in the inner chamber, after

the addition of FeCl3. The maximum dark membrane potential is about

85 mV and lies near pH 3.8. The importance of this dark potential

lies in its field direction Opposite to the facilitation of negative

charge which moves toward Fe+3. 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

membrane dark potential independent Chi—BLM photo-emf versus FeCl3

concentration curve. Chl~BLM exhibits a maximum photo—emf of 107 mV

near FeCl3 (2 x 10'” M/l). It seems that this photo-emf is simply

the summation of Chl-BLM apparent photo-emf and the Chl-BLM photo-emf

induced by the FeCl created dark potential.-
3

4) Chl~BLM dark resistance in the presence of FeCl .near KCl
3
 

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 10—7 to 10"5 M; It also has been found 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 inner chamber in the presence of various amounts

3

before the addition of FeCl3 was 5.3. The maximum

membrane dark potential was 85 mV at KCl pH of

of FeCl,. The original pH of KCl in inner chamber

3.85 to 4.
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Figure 14. Membrane dark potential independent Chl—BLM photo-emf

as a function of FcCi3 (10"5 M/l) 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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In this eXpurfment, the Cut—LLM dark resistances have been

observed in the wide range of IeCl. concentration (from 10‘-2 to 10”6 M).

Figure l5 is the plat of Chl~BLH resistance versus FeCl3 concentration.

The result or Chtuflifi rcsistnugu versus the uh change of KCl in the
l

inner the her by the addition of FeCl3 solution has been plotted in the

same figure. This indicates that the Chi-BLM resistance, when FeCl3

(104+ H) is introduced, has the lowest resistance (4.4 x 10” ohm—cmz).

This in a resistance Value about one hundred times lower than that in

the absenCe of FeCi3, where Chl*BbM resistance is 1.1 x 106 ohm—cmz.

In the case where FeCl3 (10"3 M) is present, Chl-BLM has tenfold

lower resistance than that in the absence of FeCl . Chl-BLM dark

3

resistance decreases with the addition of FeCl3 in the range of 10"6 M

to 10"1+ H, but will increase with FeCl, concentrations from 10’“ to

3

10_2 M. ihe plot of Figure 15 also indicates that the Chl—BLM

resistance exhibits the lowest value when the inner chamber KCl

solution has its pH reduced to 4 by the addition of FeCl3 to this

chamber. The Chi—BLM resistance drops from pH 6 to 4, but increases

again from pH lower than 4. These results are quite consistent with

those of MacDonald et a1. 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 of 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,

. .2. . 2"“ l'sis o u

1i" 3 (1100)“ ml-i-“l-‘l-L—L- I-‘c+“ (1120),; mm) + 11+
_~_-.—._..~..--—-_—--._._o-—



Figure 15. 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 pH of

solution/BLM interface, the BLM resistance increasing in the low pH

below 4. When pH is above 6, FeCl3 will he hydrolysed before it has

the chance to form a complex and this Fe(OH)3 will not affect BLM

resistance to any degree.

c. The Importance of Chl—BLM Dark Potentials and Their Effect
 

Upon its Photo—emfs
 

It is known that Chl—BLM illuminated by light can generate charges

and also make charge separations when 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 diagram to

Show this relationship .In (TM—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 the 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 accepting, are present,

then the polarity of this charge separation may vary to some degree or

even change its direction as compared to that merely due to the

electric field. For example, the pH gradient in aqueous phases across

Chl-BLM and the presence of Nal asymmetrically in Chl~BLM aqueous phase

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



Figure 16.

bl

Mechanism of redox reactions across BLM. A - metal ion

‘or electron acceptor, A" - reduced, D — anion or

electron donor, D+ - oxidized, e— - electron,

+ — positive hole; where anode is the electrode with

positive sign which is the result of oxidation reaction

in electrode. Cathode is the electrode with negative

Sign which is the result of reducing reaction 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 applied voltages. The
  

presence of an electric field across the Chl—BJM caused by externally

applied voltages has been found to make the membrane more photo—

responsive. The experimental conditions chosen were as follows. The

Chl~BLM was formed in 10.1 M acetate buffer with both sides at pH 5.

The alternate sign of external voltages was applied and the external

resistor was set at 107, 108 and 109 9. 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-emf versus

membrane potentials. A general conclusion from Figure 17 may be noted.

1) 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:

Chi-BLM with > cur-mu with 5 Chl—BLM with

Ri=1o9s2 1u=108s2' R1=1079

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 independent of the age of the spinach

chloroplast extracts.

2) Membrane 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. Chi-BLM photo-emf (mV) versus membrane dark potential

(mV). Six second light illumination was used.

Sodium acetate buffer (10'—1 M/]) pH 5, was used

as aqueous solutions. Each curve corresponds to a

different value of shunt resistance.
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pH gradient is thought to be the driving force of H+ diffusion across

the membrane and, the sign of membrane potential is negative with

H+—containing side. It has been suggested that the moving of negative

charges (or electrons) toward the H+—containing side has been reduced

to some extent and this reduction is due to the field direction of the

dark potential which has the negative polarity in the side to which

this negative charge moves. A general characteristic of Chl-BLM

photoresponse in the presence of membrane potential generated by pH

gradient can 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 H+ is much stronger than that of the

electric field.

ii) The hyperpolarization of membrane light potential indicates

that Hf 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 Chl—BLM H+ dependent photo~emf

would be enhanced if one could diminish this dark membrane potential

to zero mV.

iv) Chl-BLM dark potential 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.

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

The Chi-BLM dark potential (or electric field) can also be induced

by the diffusion of chemicals. Sodium iodide was used as 3 represent—

ative chemical compound in this experiment. NaI was added to the



(it 7

aqueous phase of the inner chamber while buffer acetate was added to

both sides of the BLM cell. The sign of dark potential, with the

NaI-containing side positive, indicates that this potential is

generated by the diffusion of iodide ion (negative charge) from inner

to outer chamber. No observable pH change in the inner chamber was

found with the addition of Nal. Figure 18 is the plot of Chl~BLM

dark and light potential versus time (second) after Nal (10"3 M) was

introduced. It indicates that the Chi-BLM dark and light potentials

both arrive at their maximum values 1,000 seconds after the addition

of Nal compound. NaI concentration effect on Chl-BLM photo-emf

measurement also shows that Chl—BLM has a maximum photo—response of

about 40 mV in the presence of NaI (5 x 10'” M/l).

2. Investigation of Chemical Compounds' Electron Donating and Accepting

Power by the Measurement of Chl-BLM Photo~respons:s and Their

Enhancements

Light induced photo-emf on certain bilayer lipid membranes

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 separation

in the BLM.by light. It was assumed, under certain circumstances, that

one side of the bifa e 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 Verma,

1970]..

There are two important questions in this area remaining to be

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



Figure 18.

.

'1 f)

ChlmBLM light and dare potential as a function of

. . . _q

time in dark after the addition of Nal (10 r M/l)

to inner chamber. Sodium acetate buffer (10.1 M/l)

with p“ or 5 mm used as aqueous solutifm.
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elements can enhance BLM photo—response, can they be systemiaed into

a table like that of standard redox potential table of chemical

compounds in aqueous solution? b) How can the nest efficiency 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 rede reaction, in the presence of chemical

species, then is it possible to systemize the electron donating or

accepting power of these chemical species? The next question is how

to obtain the most efficient use of light energy. This question can

be answered as soon as the chemicals' redox power table, mentioned

above, has been 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 photo-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 calomel electrodes across the BLM which separates two aqueous

phnscs of buffer acetate (10"1 M) at pH 5. The outside chamber

contained (5 x 10"!+ M/l) ferric chloride fresh solution. In more

detail, the characteristics of this reference electrode system are as

folixxos:

i) aqueous phases ~~ buffer acetate (10-1) pH at 5;

ii) membrane composition —- spinach chloroplast extracts;

iii) outside chamber containing -— FeCl3 (5 x lO-Q M/l);

iv) time needed in dark before [E +3 measurement -- 1000 seconds;

hv]Fe

v) time interval in dark between [Ehv1Fe+3 and [Ehv1Fe+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, is about 15 i 3 mV with FeCl -containing side negative.
3

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

plus the chemical species present in the Opposite side of FeClg.

The general procedure for the experiment (survey the electron-

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

Chi—BLM open—circuit photo—emf 1,000 seconds after the addition of

FeCl3 (5 x 10‘“ M/l) to the outside BLM chamber. This is [Ehv1Fe+3;

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 soluble 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) measure Chl-BLM photo-emf 500 seconds after the addition

of the test compound. This is [Ehv] Fe+3 + x; 1v) measure Chl-BLM



\
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J

photo—emf 200 seconds after every additional amount of test compound;

v) subtraciing [EthFe+3 + X from [th1Fe+3’ one obtains A[Ehv] which

is the photo~emf with respect to the reference redox potential [EhvlFe+3

as zero.

The electron donating or accepting power of the test compound will

be determined by the above measurement. The test compound will be an

electron donor when Chl—BLN has a photo—emf larger than that of the

reference electrode or A[Ehv] > 0. Alternately, the test compound will

be an electron acceptor when Chi—BLM has a photo—emf less than that of

the reference electrode, or A[Ehv] < 0.

An attempt at Chi-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 ChleLM dark membrane potential created either by the presence

of a chemical compound in the aqueous phase, or applied externally,

has been found to have a very crucial influence upon Chl~BLM photo-

response. The detail of this phenomenon has been found and described

in the previous section. The purpose of this section is to look at

the 0hl~BLM photo—emf in the presence of chemical 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.

The electron-donating or accepting power of a chemical compound

can be determined through the measurement of Ch1~BLM photo-response.

This investigation has been systematically conducted from inorganic to

organic compounds, then through some biochemical compounds. Inorganic
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copppuuds will be picked up, in order, from the chloride form of

elements in every group of the periodic table.

:1. Inorganir:(hmvpound lfinnu:tigations
  

Hroup I: All solutions of HCl, LiCl, KCl, NaCl, RhCl and CSCl have

been prepared with (10"1 N). CuCl and CuC12 solutions were made in

he saturated state.r
?

Results of ChleLM photo-emf measurement for elements in this group

are collected into Table 1. The order of electron accepting power in

+

> Cs+ > H ++ + >K+>Na.group 1A is Rb > Li

Both CuCl2 and CuCl are apparent electron donors in the reference

electrode of Chl—BLM system owing to the positive value of AEhv' This

is due to the presence of CuCl2 or CuCl to Chl—BLlehich will create

quite large dark potential, with Fe+3-containing side becoming more

positive, reenltlng in the facilitation of light—induced negative

+3-containing side. However, CuCl and CuCl have

2

been shown to be electron acceptors when they are present asymmetrically

charge toward the Fe

in ChleLM system alone, with acetate buffer as aqueous phases at pH 5.

In the absence of reference electrode, Chl-Bthwill create a large dark

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

2

side positive.

Group III: Only the chloride of T1 element in this group shows

significant Chl~BLM photo-emf enhancement in BLM reference electrode.

TlCl appears to be an electron donor in the BLM reference electrode due

to the large dark BLM potential generated with the TlCl-containing side

negative, which once again causes the system to more readily absorb

light—generated negative charges toward Fe+3 side. AEhv for TlCl case

is +46 mV, where BLM dark potential is ~23 mV. Some compounds of
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Butsidu/BLM/inside VD Ehv (AEhv)x EOredox

Classification compd. compd. (mV) (mV) (mV) (volt)

Group I FeC13 HCl (2x10“3m/1) 12 16 -3 0.00

(5x10‘58) 1101 (10*3M/1) 15 10.5 —5.5 —3.046

KCl (10"3M/1) 3 16 —1 -2.924

RbCl (10“3m/1) 12 10.5 _ —8.5 -2.925

0301 (10“3n/1) 13.5 12.5 -5 - —2.923

0601 (2x10"2M/1) 6 53 38 0.522

Cuc12 (6110- M/l) ~16 72 54 0.158

Group III FeCl3 TlCl (18x10‘3m/1) —23 67 46 0.3363

(5X10—4M) Ce+ (4310"3M/1) -13 31 ‘ 16 1.443

LaCI3 (5x10'3M) 2 40 14 _____

Group V FeCl3 NaN3(13x10~3M) 12 66 46 ----

(53,011“) NaZHAsOA 14 44 29 0.58

(15x10“3m/1)

Group VI F0013 H202 (30%) ——— ——— ___ .....

(5x10*“M) N328 (3x10*3M/1) -25, -7 ~30 _--__

NaZSZO4 —5 44 15 _--__

(5x10'3M/1)

Na2S203 9 93 74 0.10

(20x10‘3m/1)

CrCI3 (3x10-3M/1) 5 13.5 —3.5 -0 41

(NH4)6M07024 —8 81 64 -----

(20x10'3M/1)

Group VII FeCl3 NaF (10x10'3M/1) ' 29 9.5 -7.5 -----

‘ (5x1011M) NaBr (3x10‘3M/1) 19.5 9.5 -8 ’ -----

NaCl (3x10“3m/1) 10 11 —5 -----

NaI (5x10‘3M/1) 13 '127 114 —————

12(6x10‘3m/I) 58 —8 -31 -----

NnI—IZ (10”Jm/1) 93 —3 —17 —————

Group VIII FCC13 C0(1‘-3H3)6Cl3 9 7 ~15 1.842

(5x10“”H) (2X10 M/l)

FoCl 4110”3M/1) 8 86 74 -----2 (
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measureumnt, such as f-i:'(1\.l*1.3)(r<‘~'q;, and LSICLA. (1L3 * .18 a strong acidic

J 4 .2

solution and has a pH or 3.6. Chl~hLM shows a photonemf of about

a .'._l

'7‘ ' 1r 1

40 i 1.4 mV in the presence of Lt (10~3 M/l) near buffer acetate

1 . ... _ . 3 1t. - 1 +4 . n. .n - — -
aqueous passe. lh1s result indrcates that Co DGIfOIMb similarly to

Fe+3 toward Chl—BLM. However, a positive value of [Ahh ]\ for ChlmBLM

. u 3

reference electrode in the presence of Ce+” (10—3 M/l) has been observed.

This is due to the BLM reference electrode dark potential generated from

+ . .

the H ion in Ce+u which causes light—induced negative charges to

more easily move toward Fe+3. LaCl3 (5 x 10'"3 M/l) has been found to

result in a Chl~BLM photo—emf of about 5.3 mV. .The polarity of this

photo-response indicates that LaCl3 functions as an electron donor. It

is a fast response and requires only 1 see light illumination to reach

saturated response. A small negative membrane dark potential with

LaCl -containing side is gradually generated in the presence of LaCl

3

to Chi—BLM inner chamber. This similar phenomenon will also be

3

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

of LaClB. The positive [AEhle value with respect to the Chi—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, NaZHA504'7H20 are compounds among those elements

in Group V which were Selected for our measurement. Both 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 Chi—BLM

reference electrode a positive [AEhV]X value; [AEhle = +46 mV in the

case of NaN,3 (13 x 10"3 N/l) and [AEthX = +29 mV in the case of

Na?HA304(15 x 10"3 M/l); 3) ChlmhLM reference electrodes show no change
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in disk potential in the presence of either NaN or NaOHAsO solution.
4

react, a deep red

3

The only difference is that, when Fe+3 and NaN

3

precipitate with a.strong odor can be observed. However, when Fe+3

reacts with NazhAsOA, only yellow—white precipitate occurs. Data

from these results are listed in Table 1.

Group VI: Compounds of elements 0, 8, Cr and M0 in this group

are listed in our measurement. Compounds Na S, NaZSZO Na 8 O CrCl

2 3’ 2 2 4’

and (NH4)6M070244H20 were prepared with all concentrations at 10”1 M

3

in solution, except H202 (30%) which is directly obtained commercially

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

of H20 meaSurement, gives no significant variance in its response,

2

which indicates neither electron donating or accepting of this compound.

N328 is a high pH (=12) solution which was prepared at 10"1 M.for our

measurement. The presence of NazSflO"3 M/l) on the buffer acetate

(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 (10"3 M/l) 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

between 600 and 1,000 see after N328 has been added. The concentration

effect of N328 on Chl—BLM photo—emf has been drawn in the Figure 20

which indicates the marimum Chl-BLM photo-response around 20 mV in

the presence of NaZS (3 x 10"3 M/l). The polarity of Chl-BLM photo-emf

indicates that Nn7S functions as an electron acceptor.

NaZSZO4 (S.D.T.) is a very unstable solution which changes its

color very frequently. The following Table lists this solution color

change with time after the solution has been prepared.
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Figure 19. Chl—BLM or Chlorella-BLM photo—emf as a function of time

(second) in dark with N328 (10"3 M/l) present in the

inner chamber. Sodium acetate buffer used as aqueous

solutions.
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Figure 20. Chl—BLM photo—emf as a function of NaZS (10‘3 M/l)

concentration near NaAc pH 5. Six second light

illumination, and a period of 600 second in dark

between two concentration effect measurements.
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hhs bran prepared Solution color

0 a 0.5 colorless

0.5 - 3 brown

3 ~ 10 brown — white aqueous

10 ~ 15 iahite « cloudy

l3 — 60 strong white — cloudy

60 m 80 , light white - cloudy

80 - 120 colorless
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Naqsuflz solution, in the white-cloudy state only, will cause a
“2.4

Chi—BLM ohoto~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 i 4 mV at “”75204 (b x lOJ3 “/1) has been observed. Figure 21

is a plot oi this response versus concentration of Na28204. The

polarity of Chl—BLM photo—emf in the presence of NaZSZO4 indicates that

\‘

na28204 functions as a» electron acceptor. This compound is very

unstable and is very readily oxidized in the air to give sulphite ions

[Wood & Holliday, 1967). The white—cloudy color of NaZSZO4 solution

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

8,00-0 ia iUlthe Nep t nt 1 1 12 2_4-containing side. A positive [AEhle value of

+15 mV in the presence of NaZSZO4 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 Fe+3. Na S O

2 2 3

(10‘3 1-1/1) is a colorless solution and has a pH of 6.6. A positive



Figure 21. Chl-BLM light and dark potcntials as functions of

Nazszoa (lO‘3 M/l) concentration.‘ Sodium acetate

buffer was used as aqueous solutions. The maximum

photo—response of about 11 i 4 mV can be observed

near NaZSZO (5 x 10“3 M/l).
4
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[Auhu]“ value of 7s nu/luus been found for the fill.nhferenCe electrode

in the presence of Na28203 (20 x 10.73 M/l). This demonstraies that

NaZSqO functions as an electron donor in the BLM reference electrode
1.. 3

system. CrCl3 (10"3 M/l) is a green color solution. A negative [ARI ]

D) X

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

CrCl3 (3 x 10’.3 M/l) may indicate that CrCl functions as an electron

3

acceptor in the BLM reference electrode system. (NI Mo7-4H20 (10—3 m)I

4)6

solution has pH of 5.8. A maximum Chl~BLM photo—emf near buffer acetate

in the presence of this solution of about 17 mV has been observed,

where (NH4)6M0 '4H 0 solution functions as an electron donor. A positive

7 2

Mo 0,A ‘ I ‘ . .3 ' J[ Ehy1x value of BLM reference electrode in the presence of (NH4)0 7 24

of about +64 mV also strongly supports the electron—donating property

of (NH4)6M0 solution. Negative BLM reference electrode dark
7024

potential in the presence of (NH4)6M07024 has been found. General

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 10‘3 M/l. 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 10"3 M/l) gives a Chl—BLM photo—emf of about 2 to 3 mV. The

polarity of this Chl-BLM photo—emf demonstrates that this compound

functions as an electron donor. A membrane dark potential (F7-

containing side positive) of approximately 0 to 10 mV has been 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 property of this NaF. This result
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I
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is jnfit uppuClte to the above finding (haF functions as an electron

«cnar). The difference is due to the generated BLM reference electrode

(3.113; potential. in the presence of No.1" which polarity is against the ‘

facilitation of light~generated negative charges being attracted by

ti”. Nabr (10"3 M/l), when present alone in Chl—BLM, gives Chl-BLM

maximum photouemf of about 2 mV in acetate buffer system. NaBr here

:,nctions as an electron donor. However, a negative [AEhv1x value of

8 MW from the BLM reference electrode in the presence of NaBr indicates

that NaBr functions as an electron acceptor 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 lightngunerated negative charges being attracted by

Fe+3 (similar to NaF case). A similar result has been found for NaCl

compound. This [AEhv1x is 5 mV (negative value) in the presence of

NaCl (3 x 10"3 M/l) to BLM.refcrence electrode. N31 (10"3 M) exhibits

completely different behavior compared to other halogen compounds

(F‘, Br-, Cl"). This shows electron accepting property in the

measurement of Chi-BLM photo—emf near NaAc when N31 is present alone.

This photo—emf is 10 to 20 mV in the presence of NaI (10.3 M/l), where

membrane dark potential is around 50 to 60 mV with the NaI—containing

side positive. However, the positive [AEhv]x value of about 114 mV

for BLM reference electrode in the presence of NaI (5 x 10'3 M/l)

indicates that NaI functions as an electron donor in the BLM reference

electrode, even though the large membrane dark potential NaI-

. positive) is generated. 12 solution is prepared atfi
\

containing sid

saturated state. A negative [Afihx] value of about —31 mV has been

' H’X



found in the presence oi 12 to ELM reference electrode, which demonstrates

the electron accepting property of I in BLM reference electrode system.

2

General characteristics of compounds in this group toward BLM reference

electrode are listed in Table l.

and FeCl are among compounds of this, 7": .‘l' ,Croup \lll Co(hl3)oC13, 2

group which have been tested. Co(NH3)6Cl3 is a water—soluble compound

and has pH of 6.6. It is known to have electron accepting properties

similar to FeCl : 1) time dependent measurement — Chl—BLM shows maximum

3

photo~response 600 seconds after the addition of Co(NH +3 to BLM

3)6

cell; 2) concentration effect measurement - a measurement of Chl-BLM

photo—emf in the presence of varying concentrations at Co(NH3)6+3 and,

the maximum response is about 21 mV, while Co(N113)6+3 is (2 x 10-3 M/l);

3) rise-time of photo~response - Chl—BLM photo-emf will reach its

maximum response rapidly in ] 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(NH3)6+3 (lo—3 M/l) and Oolong tea,

catechin and tannic acid near NaAc (10”1 M) at pH 5; 5) extreme

unstability of Chl—BLM in the presence of COSNH3)6+3 and tannic acid

in the light. Chl—BLM will break immediately in l to 3 second light

illumination in the presence of COCNH3)6+3 and tannic acid. This

breakdown light potential is near 120 mV. When Chl—BLM dark potential,

in the presence of C0(NH3)6+3 and tannic ahid, is raised to 160 mV

by enternal 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 negative [AEthK value of about ~15 mV from BLM reference electrode
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functions as an electron acccprnr in the BLM reference electrode system.

No varying of BLM reference cltttrodo dark potential has been observed

in the presence of this compound. 11:61,) (10"3 l-I/l) is the reduced form

of FeCl and is relatively unstable; the measurement has to be done

3

within 2 hours after this fresh solution has been made. Concentration

effect of FeCl on Chl~BLM photo-emf near NaAc pH 5 measurement implies

2

that FeCl2 functions as an electron donor and that Chi—BLM has a maximum

photo—reSponse of about 6 mV in the presence of FeC12 (10"3 M/l).

General characteristics of this grOup of compounds in Chl-BLM reference

electrode are listed in Table l.

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

 

‘Compoumls: RllfllllH\LEBJJEEZ‘lEJZLLtLbl111101If!, lLvrlr()tLlii_n011c: and Quinhydrone

Riboflavin is only partially soluble in H26V(l,2’mg/10 ml at

27.5°C and 1,9 mg/lO ml at 40°C); the riboflavin solution for our

measurement was prepared by dissolving 21mg riboflavin powder in 10 ml

KCl at various pH values (4, 5, 6, 7 and 9). Results of pH dependent

riboflavin electron—donating-accepting preperty on Chl—BLM photo-emf

measurement are plotted as Chl—BLM photo-emf versus pH of KCl aqueous

phase in the presence of riboflavin (Figure 22). It is found that

Chl—BLM has positive photojemf (riboflavinrcontaining side positive)

when riboflavin and KCl aqueous phase pH is below 5.5,.and has negative

photo—response when riboflavin and KCl aqueous phase pH is above 5.6.

This implies that riboflavin functions as an electron donor when pH

is below 5.5 and as an electron acceptor when pH is above 5.6.

Quiuhydrone should have behavior analogous to that of riboflavin.

In acidic solution, it dissociates into a mixture of benzoquinone and



Figure 22. Chl—BLM photo—emf as a function of the pH of

riboflavin and KCl aqueous solution. Riboflavin

solution is prepared by dissolving 2bmg into 10 ml

KCl at each desired pH.
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hydroquinone. At high pH, benzoquinone dominates the mixture and

Chl-BLM photo—emf measurement results in the benzoquinone~containing

side having negative polarity. At low pH, hydroquinone dominates the

mixture and Chi—BLM photo—emf measurement results in the hydroquinone—

containing side having positive polarity. Nevertheless, the existing

membrane dark potentials in the presence of quinhydrove solution or

hydroquinone solution sometimes have made this determination difficult.

A Chi—BLM reference electrode was necessary for our determination. A

negative [AEhv1x value of about 4.mV for BLM reference electrode in

the presence of benzoquinone (2.8 x 10-“ M/l) implies that benzoquinone

functions as an electron acceptor. A positive [AEhv]s value of about

45 mV for the BLM reference electrode in the presence of quinhydrone

(7 x 10-” M/l) solution implies that this solution functions as

electron donor. This result is consistent with our assumption that,

at low pH (W5), hydroquinone will dominate the mixture to function as

an electron donor. A large positive [AEhVJX value of about 79 mV for_

BLM reference electrode in the presence of hydroquinene (7.3 a 10"!f M/l)

implies that pure hydroquinone solution functions as an electron donor.

General characteristics of the quinone-like group on Chl»BLM photo~

response are listed in Table 3.

Poly—phenolic substances
 

This group of compounds includes Oolong tea, 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 compounds of the

aromatic or benzene series, which make up about 30% of solid matter in
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TABLE 3

Numerical Values of Chi—BLM Photo~emf in the Presence of Organic

and Miscellaneous Compounds

~— ._
 

Club.

-M”.
 

sification Compound/BLM/Compound VD(mV) Ehv Afihvx Zedox

outSide inside (mV

Quinone-like FCC13 Riboflavin 8 99 79 ~0.208

compeunds (5x10‘hM/1) (8xlO-SM/l)

Benzoquinone 13 16 —4 0.293

(2.8x10‘“M/1)

Hydroquinone ‘9 99 79 _____

(7.3x10‘“M/1)

Quinhydrone 8 65 45 -----

(7x10'“M/1)

Polywphenolic FeCl3 l Oolong_tea 10 132 111 -----

compounds (5x10-*M/1) (4x10 3g/m1) -

Tannic acid 7 133 113 _____

(4.5x10-7M/1)

Catechin 7 121 100 —____

(3.5x10‘3ml1)

Gallic acid 6 84 72 -----

(10‘?M/1>

Vitamins FeC13 Ascorbic acid 13 144 125 -----

(5x10*“M/1) (4x10‘3M/1)

Riboflavin 8 99' 79 —0.208

(8x10-5m/1)

Thiamine -9 40 24 .....

(10‘2M/1)

Vitamin K1 '7 37 26 —————

(2.4x10‘2g/m1)

Nicotinic acid 4 3O 16 —————

(10'2M/1)

Biocompounds FeC13 _ Flavin mono- 10 150 138 ---—-

(5x10 l*M/l) nucleotide

' (7x10‘3m/1)

B-NAD _ —2 67 45 -----

(6x10pug/m1)

Cytochrome C -4 48 28 ' 0.254

(2x10'5g/m1

Ferrozine -15 85 73 —————



a to: shoot. linmzledg-zc of pol};1-"'C-nol.s in tea began with the. isolation

of l-cpicatechin and l~epicatochin gallate from leaf in Java. Now

peeplo know those occurring in tea are derivatives of gallic acid and

catechin [Eden, 1958], so called "tea-tannins” which are more similar

to tannins. These include (+)—catechin, (+)~gallocatechin, (-)—

epicatechin and (")~cpigallo—catcchin. Our finding from Chl—BLM

measurement is that only the polyphenol group and vitamins in tea

constitution affect Chl-BLN photo—response. The effect of vitamins on

Chl—BLM photo—response will be discussed in a later section. Here

we will concentrate on the polyphenol group effect.

Concentration effect of Oolong tea (fl_§_lg:3&) on Chl~BLM photo-

emf measurement near NaAc with a pH of 5 shows a maximum Chl—BLM

photo~cmf of about 10 to 20 mV, 500 seconds after the presence of

Oolong tea can be obtained. The polarity of this photo—response implies

that Oolong tea functions as an electron donor. It has been found that

Chl—BLM photo~re3ponse in the presence of Oolong tea is 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 observed.

Surveys of components in tea constitution which are responsible for

this photo—response have been carried out for most compounds in the

polyphenolic group, nonphenolic group and aromatic 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-BLM significant photo-responses. Tannic acid (1.5 x 10'.5

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

Chl-BLM reaches its maximum ph0t0*r08p0nse (10 to 15 mV) in the presence
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of trnnyic acid (7.5 it l0—7 M/l). 'Fhe pOIHIdifi’()f this Innate—resuwwise

implies that tannic acid functions as an electron donor in the BL?

system. A positive [sflhv]x value of about 113 mV for BLM reference

electrode in the presence of tannic acid (4.5 x 10'7 M/l) 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 10"2 M and had pH 4. The maximum Chl—BLM

photo—rQSponse 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 10'3 M/l) 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 OH” 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

make them electron donating in BLM photo-response measurement.
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BLM system and a Chl~hhd photo—er? around 5 to 30 mV can be obtained”

The electron accepting property oi this compound may be due to its

structure which contains cuinone hast.

 

Gallic acid is another basic structure of those components in

the tea polyphenolic group. ‘A positive [AEhv]x value of about 72 mV

for BLM reference electrode in the presence of gallic acid (10—2 M/l)

implies that it functions as an electron donor. The basis for its

electron donating (‘l'IJl'ITHPL'ul' may LC: due. to the existence of its

resonance structure.

(00H /’ O 9

OH OH

OH on

gallic acid

In addition, three hydroxyl groups in the benzene ring are an electron

releasing group which may enhance the electron rich character in

carboxylic acid site.l General characteristics of those compounds from

tea polyphenols in BLM system are listed in Table 3.

Vitamins

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

c.g., vitamin C (ascorbic acid), vitamin B (thiamine chloride),

1

vitamin PP (nicotinic acid), vitamin BO (riboflavin) and vitamin Kl
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as low as 2.5. A Chl-BLH photo~cmt of 10 mV can be observed 400 seconds

after aScorhic acid (A x 10"5 M/l) has been added. It functions as an

1

electron donor in the BLM system. This electron donating character is

1
one to the toss of ‘wo hydrogen atoms from its reduced form as shown

lil tize fc>ll~nxsing czlttqt'itun.
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A positive Inhiw]X value of about 125 mV for BLM.reference electrode

in the presence of ascorbic acid (4 x 10-3 M/l) also implies that it

functions as an electron donor. This is the best electron donor,

hitherto, which can couple with Fe+3 to give the ultimate Chi-BLM

photo~emf response in our laboratory. Nicotinic acid (10"71 fill), a

colorless solution, has pH of 3. A positive [AE‘hV]x value of about 16

mV for BLM reference electrode in the presence of this compound

(10”~2 M/l) implies that it functions as an electron donor in the BLM

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

electron—rich site.

'0

/ COOH / C ‘2 . 6

_____._.> |
\ 41+ \

N N

Nicotinic acid
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thinwrue (lUmy ”{5} B.M reference electrode is obtained. The polarity

of this phoacr~ tense implies that thiamine functions as an electron

don‘t. The r sclt of its electron donating property in BLM reference

electrode is dot to the axitting membrane dark potential (near -10 mV)

which will fdfiilllflte movement of the light—generated negative charges

toward Fe+3. Vitamin Kl (!iquid form obtained commercially) is an

orange soluLFJo. When it is present in BLM reference electrode, a

positive [AEh91x value of about 26 mV can be obtained. It is suggested

that this compound functions as an electron donor in ELM reference

electrode system. General characteristics of vitamins in the BLM

system are lintnd in Tablt 3.

'(3. iii s: {'1
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Some important biochemical redox compounds, such as flavin

mononucleotidc, E RAD, cytochrome C and ferroeine were selected for

our measurement. FMN, an orange solution, is the derivative of ribo-

flavin and has pH of 6.2. It is shown to be an electron donor owing

to a positive [AEhv1x value of about 138 mV that is observed in the

presence of this compound to BLM reference electrode. The electron

donating preperty of this compound is thought to be due to a riboflavin

basis in the structure. BwNAD (or DPN) is commercially obtained in

liquid form (2 mg/ml) and has a pH of 3.3. A positive [AEhv1x value

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

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

dark DOLCDtiJfl.lTUS been flunnl. C'tochronmz(3 ilituid fornncflntaincd
. )



\
a

commercially) Functions as an clcctr n donor in Btfi relevance

electrode since a positlrc [AEQ j value of ?9 mV is obs lTud. Sinre

1‘.) 21‘

a drastic decrease in membrane dart potential in the presence of

cytochrome C is seen, the resulting photo-emf enhancement for BLM

reference electrode may be due to this potential which facilitates

the attraction by Fe+3 of light-generated electrons. Ferrnzine is a

colorless but strong smelling solution which is shown to function as

an electron donor in BLM reference electrode. A positive [AEhle of

about 73 mV is obtained. A drastic decrease in membrane dark potential

-t3.
may result in easier electron attraction toward Fe General

1\,1'

characteristics of bio—redox compounds in the BL” reference electrode

system are listed in Table 3.

3. Investigation of Chl~RLM Photonemf Enhancement by Redox Compounds

in the Absence and Presence of Applied Voltages

Many compounds, such as ascorbic acid, tannic acid, Oolong tea,

catedhin, N31 and FMN are found to be good electron donors in BLM

reference electrode system. It is suggested that under proper

arrangement of this electron donating compound with a strong electron

\

accepting compound (FeCl was used in this experiment), a significant
3

Chl-BLM photo~enhancement can be expected.

 

Oolong tea/Fel—3 system

_The electrode reactions for this particular system arc: aqueous

solution/Oolong tea/BLM/FcCl3/aqueous solution. Five second light

illumination was used. The maximum Chl-BLM photoeemf of about 162 mV

was obtained, three hours after both compounds had been added.
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The expression of electrode reactions for this system is:

aqueous solution (NaAc pH = 5)/tannie acid (4 x 10"7 M/l)/BLN/Fc€13

(5 x 10”” N/l)/aqueous solution (NaAc pH = 5). Five second light

illumination was used. The maximum Chl~BLM photo—emf response was

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

Cntechin/Fe+3 system

Electrode reaction eXpression for this system is: aqueous solution

(NaAc pH = 5)/catechin (1.4 x 10f? M/l)/BLM/FeCl3 (5 x 10—4 M/l)/

aqueous'solution (NaAc pH = 5). Five second light illumination was

used. The maximum Chl-BLM photo—emf was 135 mV, 90 minutes after

both compounds had been added.

FMN/Fe+3'system

Electrode reaction expression for this system is: aqueous solution

(NaAc pH = 5)/FMN (7 x 10'"3 M/l)/BLM/FeCl3 (5 x 10”” M/l)/aqueous

solution (NaAc pH = 5). Six second light illumination_was used. The

maximum Chl-BLM photo-emf was 167 mV, 66 minutes after both compounds

had been added.

Ascorbic Acid/Fe+3'svstem

Electrode reaction expression for this system is: aqueous solution

(NaAc pH = 5)/Aseorbic acid (1.5 x 10"3 M/l)/BLM/FeCl3 (10"3 M/1)/

Vaqueous 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 obtained from each Riyf glide—emf emuzrrcing’;

measurement.

It has been postulated that a membrane dark potential with Fe+l~

containing side being of negative polarity tends to draw Fe+3 ions

away from Chl—BLM surface thus, not only decreasing the total numb;t

of ferric ions near B M/solution interface, but also decreasing the

binding strength between ferric ions and Chl—LLM. If an external

variable voltage source could be supplied to eliminate this dark

potential, a much greater photo—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 Figures 23 and 24.

The linear relationship between BLM reference electrode photo-emf and

its dark potential can be as high as VD = +150 mV and as low as VD =

~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 membrane dark potential passes from higher than +24 mV

to lower than +24 mV. At VD = —IOO mV, the maximum Chl—BLM reference

electrode photo—response will be 93 mV, this is because membrane dark

potential new has a field direction the same as Fe+3 ion so as to direct

light—generated negative charges more easily toward Fe+3.

After some selected compounds have been introduced individually

to the BLM reference electrode inner chamber, the measurement of Chl—BLM

photo—emf response at various membrane dark potentials controlled by

external variable voltage sources and external resistance shunt

Ri = 109 Q is performed. Figures 23 and 24 give these plots of BLM

reference electrode photo—emf in the presence of a selected compound
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l. J. Linear relationship of Chl—BLM photo~emf With its

dark poteuLial for several representative inorganic

‘ 7 . VV'“1 I ‘5 W V v“(\

reuox end,rihg bYStLMJ.

1. FeCl3(5

2 O - I (J (I i , S

‘3 k

'i . I“ ‘ (." ’ I“ .1,’~ . g \
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J

5. FeCl3(5

6. FeC13(5

7. FeC13(5

8. Fe§13(5

9. FeCl3(5

‘r

A

X

10““

10‘“

M/l)/BLM/Na1

M/])/BLM/N328203

Hf!)/BLM/(NHG)6H07024°4H20

H/l)/BLM/L3C13

M/l)/BLM/Reference electrode

N/l)/BLM/TlCl.

M/1)/BLM/Ce+”

M/l)/BLM/C0(NH3)6+3

M/1)/BLM/Na28



' (\

Jwa~01oud wwa-Lua) 143
(.

 
A
r
m
m
p
c
m
u
o
a

x
e
m
v

m
c
m
L
D
E
m
e
v

 

 
 



Figure 24. Linear relationship nf CHI-BLM photo-emf with its

dark potential for several renrvvcntative orqenic
l L.

redox coupling systems.

1. FeC13(5 x 10‘1+
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versus the membrane dark potential. Two important pieces of new

informuation aux: gaincwl: (l) lflJi ntnfi)rane (kirk potrujtial j1HVJpentku1t

electron donating or accepting characteristic of compound in origin

can be obserVud. Since BLM reference electrode has a photo~emf of

18 mV at VD = 0, the compound will he an electron donor in origin if

the BLM reference electrode, in the presence of this compound, has a

photo—emf greater than 18 mV. Otherwise, it will be an electron

acceptor. The order of electron donating power for inorganic compounds

in Chl-BLM at V = O is Nal > Na 8.0 > (NH Mo
D 2 2 '24H20 > LaCl > tcCl .

3 4)6 7024 3 3

Respectively, the order of electron accepting power for inorganic

:: ' ~ Yq I} 7
0 1s ho S > Co(hl > (NH4)2Ce(I\03)6 >compounds in Chl—BLM at VD 2

3

3)6

TlCl > FeCl . For organic compounds, the order of their electron

3

donating power at VD m 0 is ascorbic acid > FMN > tannic acid > Oolong

. ,o _ . - 1 +
tea > catech1n > hydroqu2none > riboflavin > cytochrome C > B~LAD >

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

presence of ascorbic acid, tannic acid, FMN, catechin and N31 with

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

3

coupling system can enhance Ch1»BLM photo-emf near 300 mV.



]. Chi-BIN. Photo—emf .1 pli Dependence

The curve of Chl~FLH nembrane dark potential versus pH appears as

a typical titration curve. This titration curve exhibits two pKa

values: one of A and the other of 6.7. Since the pH in membrane

usually has a value ] to ? units lower than that of bulk phase

['Kohamoto, .1970; Hartley and Roe, 1.970], those two pKa values in membrane

phase should be 2 to 3 and 4.7 to 5.7. Owing to the lack of detailed

composition of membrane structure, one cannot point out exactly which

components in membrane these two pKa values belong to. However, since

p—lipids (or phosphoglyccrides which include phOSphatidyl ethanolamine,

phosphatidyl choline, phosphatidyl serine) are the major components in

memorane structure and have pKa around 1 to 2, one might say that the-

first pKa of 2 to 3 can be one of the pKa values of these p-lipids,

especially where phOSphatidyl serine has a'pKa = 3 (due to carboxyl

group). The second pKa 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 possibility that cannot be ruled out; i.e., the

case where some p—lipids are hydrolyzed, thus yielding saturated fatty

acids which have pKa values around 1 to 2. Since Chl—BLM has its

106
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maximum phoio~cmf in the region of pH - pKa A, one may ask what

bulk 3

the relation between this pKa and photo~emf is. When the substance in

membrane 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

electric events. This is evidence that Chl~BLM drops its electric

resistance about lO—fold when the pH in the inner chamber is lowered

from 5 to 4. Bamberg and Neumcke [1972] also reported that the conduc~

tivity of bilayer membrane exhibited the maximal value near the pK value

of the uncoupler in the membrane.“ In addition, at pH = pKa, the

large amount of H+ produced in the inner chamber will function as an

electron acceptor for the light event in the membrane system.

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 Chi—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 photo-

emf instead of the true (or absolute) BLM photo~emf due to hydrogen

ion alone as an electron acceptor. In order to 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 resistor has a value about 109 9 which is a higher value than

that of the membrane itself. Figure 25 is a plot of the membrane

dark potential independent Chl-BLM photo—emf versus pH change of KCl

solution. The pH of KCl solution in the outer chamber has a constant

value of 5.5. It is seen from the figure that ChleBLM 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 and H+

dependent Chl~BLM photo-emf. The pH of KCl solution

in inner Chamber was varied by the addition of HCl

(10"” M/l), 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

SOUI‘CQS .
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(Rel—Elli optuiucda‘ueiw‘;)hotxs-eru‘ as Iflie 1nI (hQJenChn1ce :hs siinplyr the

subtraction of the Chl~BLM photo«cmf with corresponding externally

o 1 ~ _ _ , . a o 1 4-

applied voltage Iron the membrane dark potential independent and H

dependent Chl~BLH photo—emf. For example, at KCl pH = 4, the Open—

. . \v -+ .
c1rcu1t Lnl~th H dependent photo—emf has the value of 12 mV, and

Chlnfllh photo—emf under the externally applied voltage is 30 mV. The

sum of these two photo~emfs is exactly equal to the membrane dark

potential independent and H+ dependent Chl~BLM photo—emf; i.e., 42 mV.

2.. Determination of Electron Donating or Accepting Power of Redox

Compounds in BLM System

A graph has been constructed showing the tendency of various

redox compounds to donate or accept electrons in light, with respect

to the BLM reference electrode, by using measurements of [AEhv1x' As

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 farther down this diagram 3 compound is, the greater is its tendency

to accept electrons. Among them, NaI (inorganic compound), FMN, and

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

Na 8 and Benzoquinone are strongest electron acceptors.However, 12, 2

3. Mechanisms of Chl—BLM Photo—emf

General reaction mechanisms of Chl—BLh 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) Th is

negative charge moved toward the side of existing positive electric field
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N30_s_ K4F0(CN>6 (9? mV)

8CL——- _

.- 320: (74 mV), re+2 (74 mV)

._ (NH4)6Mo7 24 (64 mV)

60——

l cu+2 (54 mV)

1.

.- N3 (46 mV), Tl+ (46 mV)

401..“ Cu+ ('38 mV)

 

(HfiJ)

... _ .3 “f I r. . '. V‘
HAsO4 (1) UV), lc2(L204)3 (30 m’)

2CL-—- +

., Ce h (16 mV) ,

“‘ La+3 (14 mV), 820: (15 mV)

+
Fe_3-_-__O__‘-—H20 (0 mV)

' 3g H+ (—3 mV), Cr+3 (—3.5 mV)

__ Cs+ (~5 mV), Li+'(—5.5 mV), Na+ (-5 mV), c1” («5 mV)

__ Rb+ {—8.5 mV), F“ (-7.5 mV), Br" (—8 mV)

.. Cof3 (~15 mV)

"20;;12 (~17 mV, in NaI)

.. S= (~30 mV, 300A)

- I
.II. 12 ( 31-11“, in H20)

a»

Diagram A. Redox power of inorganic compounds
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__ FPS (138 mV)

__ Ascorbic acid (125 mV)

—— Tannic acid (113 mV)

~- Tea (110 mV)

IOO-~—- Catechin (100 mV)

a, Riboflavin (79mV), Hydroquinone (79mV)

.- Ferrozine (73mV), Gallic acid (72mV)

(mV)

50—-— , ‘
a. Quinhydrone (45 mV), B—DPN (45 mV, 3000A)

.. Cytochrome C (28 mV, 2000A)

Thiamine (Vit. B], 24 mV), Vit. K1 (26 mV)

Nicotinlc acid (Vit. PP, 16 mV)

*3

Fe """0‘11“ Bcnzoquinone (—-4 mV)

100-»— 
Diagram B. Redox strength of organic and biochemical compounds
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or was absorbed by an electron acceptor (A), wh-

of Chl moved toward the opposite side and was

donor (D) [Tien, 1968].

this photo-emf seems to depend on the number of generated charge

carriers and their separations.

ie the positive charge

caught by the electron

Based on this postulation, the quantity of

L-

Therefore, any factor which can effect

this charge generation and separation would cause the varying of the

photo—response.

later section.

a. Charge Separation
 

These factors will be discussed in more detail in a

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 electron 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 compound, the larger the photo-emf response. Several

systems are chosen here to support this hypothesis.

1) FeClq as an e]ec.ron acceptor. Figure 26 indicates the

J

M ~......-—.~—..

When FC1C13 iswaveform of this photo—emf and the reaction mechanism.



Figure 26. A possible interpretation for FeCl3 in ChlmBLM

light—induced interface reaction mechanism, its

(‘()lliif.i(»ll:: .1u.tl ‘il:s; ])lxt>t¢)-~«‘u117 135iifitft‘] ll.
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hv

(mV)
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Reaction mechanism
 

 

< ._. H30+

hv

me} Ch]

1H 0 k//)\\\59 +2
2 2 Z) [Fe(H20)5(OH)]

. t »
302 + H+ [Fe(H20)5(0H)]+1  

Equations for reaction
 

on + hv ————-—+ Ch1*

on" + 011* + e“

 

+ + .

[Fe(H20)6] 3 —————+ [Fe(l120)5(OH)] 2 + 1130+ (m dark)

+ _ +
[Fe(H20)5(OH) 2 + e. -——--—-—> [Fe(l>l20)5(0,!i)] 1

+ 1 + 1
on + :2- H20 —-——~> cm + H + ‘4‘ 02
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which is the result of the H‘ diffusion from the other side to the

« +3 - -.- - “-1. .i. ,.- ~- - a'\
be —contain1ng DJUU (set portion be, figure to,.

Varying the substance in the aqucous solution results in changing

the Chi—BLM phcto-emf waveform. A comparison is made by replacing

-‘ ‘ I -F up . r) ._q 1‘. I , ‘-

tetl3 with H . tigure L7 shows the Cnl—uiM photo—emf versus difierent

. . . . . "L . .

times of illumination where h+ (2 x 10 * M/l) was set 1n the inner

chamber. The main difference in photo-emf waveform 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 slow

0 . .0 O - + O _ a 0

component in photo—emf which is due to H d1ffus1on can be seen in the

system with FUL]3 1‘.rresmit, but not in the system with H+. The. rate of

rising in photowemf curve in Figure 27 is much slower than in Figure 7.

The system, as shown in Figure 7, takes only 1.5 seconds of illumination

to reach its maximum photo—response. However, the system in Figure 27

needs at least 30 seconds of illumination to reach its maximum photo—

response. In the FeClB—containing Chi—BLM system, 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 -containing Chl—BLM system, the appearance

of this slow component is not significant even with longer time of

0 O 0 + O 0

light duration. It is likely that the H production by the ox1dation

. ..+ - - . - -
of water in the n ~conta1ning Chl—BLh system 18 not as effiCient as

that of the FeCl3—containing Chl~BLM system. This inefficiency in H+

production causes the slowdown of h+ diffusion from the left to the



Figure 27.

ll7

Chl-BLM photo—emf as a function of light duration

in the presence of HCl (2 x 10’” M/l) in the

inner chamber. KCl (10“1 Fill), pH at 5.5, was

the aqueous phase. It takes 30 seconds of light

duration for this system to reach its maximum

photo-response. The slow component of photo—

response cannot be seen for this system even

when light is "off".
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right side. In addition, the inner chamber with a large amount of

-+- o o a A ‘ 5 ,,_'_ ‘_ -_- . K ‘ -

Il‘-contain1ng Sllhillafi a stirnn; attraction to LAME elec.aun1 and reduces

the rate of recombination of electron with positive charge (hole) to

some degree when light is ”off". It is shown in Figure 27 that photo~

emf waveform remains in the region of the maximum reSpnnse point and

will not immediately go back to the base line when light is "off".

n

2) N378 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. NazS compound has four components, Na+,

OH-, and 8:, when it is dissolved in water. This S is a very unstable

component which will be oxidized into insoluble S in the presence of

daylight, oxygen and water. The evidence for the existence of this

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

in the NaZS~contalning chamber after several lights act on the system.

Light has two effects on the BLM system; one is supplying enough energy

0

H20

in BLM. Light—generated negative Charge from excited Chl is then

 

to activate the reaction S== > S + 20H’; the other is to excite Chl

absorbed by this insoluble S 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 n23.

The existence of H28 in BLM inner chamber is evident when the strong

smell of H28 is produced in the chamber after the measurement. Additional

evidence in support of the above postulation comes from the measurement

of Chl—BLM reference electrode photo—emf in the presence of Na78

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

of NaqS (3 x 10—3 M/l) on BLM reference electrode indicates that NaZS

functions as an electron acceptor instead of as an electron donor. A



Figure 28. Postulated reaction mechanism and equations for

BLM/solution inLerfact-s interaction in light in

the presence of NaZS solution.
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This finding has been ‘xtended to

relative compounds. For quinonc,

quinhydrone was also an intermediate

quinone, which has been

complex, held together by unknown forces.

crystalline quinhydrone to consi

and hydroquinone molecules linked by O—H—O hydrogen bond.

or acidic solution :it dLssociates

quinone and hydroquinonc, but in alkali

radical semiquinone anion.

O

the

st of long

Study of quinone and riboflavin

Nillar & Springal.l [lfflfll] found that

state of benzoquinone and hydro~

satisfactorily represented as a molecular

Later investigators found

chains of alternated quinone

In neutral

into an equimolecular mixture of

solution it exists as a free

\
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This is a stage vdflxl1(x)rrespnnds to the loss of one elecmrw;7 trwm

the hydroquinune.
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OH '

An analosous situation is also obtained in the riboflavin molecule. Tn

alkali solution, most riboflavin will form as

T112011

1|, (la-10H

cu; N /NW°“ - R = (311011

CH3 ,3. \ N (Imon

& on I

T112

which can be reduced to become

E N 0H

CH3 /\”’

CJIIIII[:3::[:;/’N

A 0..
.7 H H

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

and RF—B (as indicated below).

2
—

4
2

O

I

C H} C “3
+

N

/ \ on

H N
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The 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

(vitamin B,) and quinhydrone have generally analogous behavior. Their
Z

behaviors are 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 presence of riboflavin at Various pH values is

described in Figure 29. A positive [AEhVJX value of about 79 mV for

the BLM reference electrode in the presence of riboflavin (8 x 10""5 M/l,

pH = 5) implies 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

KCl aqueous solution (as drawn in Figure 30) strongly suggest that this

photo—response will depend on the ratio of the amount of RF-A to RF—B

in riboflavin solution. At low pH such as 4 to 5, the amount of

riboflavin in form RF—B is greater than in form RF—A; the positive

value of Chi—BLM photoeemf will dominate this Chl»BLM.photofemf

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-BLM photo-emf measurement in the presence of Fe+3 and riboflavin

near KCl pH of 4 and pH of 6. Results are shown in Figures 31 and 32.

They are plots of Chl~BLM photo-emf versus time (second) in dark in

the presence of Fe+3 (1.6 x lO-h N/l) and riboflavin (6 x 10"5 M/l) at

pH = 4 and 6. Comparable Chi—BLM photo—emf responses with only Fe+3

preseuu: are July) shown lflliK? figurwux. (It is ikunid that :n.1u{ = 4,



Figure 29. A possible BLM/solution interface interaction

mechanism in light, in the presence of riboflavin

at various solution pH.
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Figure 30. Biphasic Chl—BLM 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 KCl. In low pH,

the biphasic photo—reaponse 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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Figuxmi 31. Chl—BLM photo~emf as a function of time in dark in

the presence of FeCl3 and FeCl3 — riboflavin in

KCl, pH of 4. It was found that Chl—BLM photo-

response in the presence of Fe+3-riboflavin is

3 alone.higher than that in the presence Of Fe+

This implies that riboflavin functions as electron

donor at low solution pH.

ChluBLM photo—emf curve in the presence

of Fe+3—riboflavin system.

Chl—BLM photo—emf curve in the presence

of Fe+3 alone.
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Figure 32. Chl—BLM photo~emf as a function of time in dark in

the presence of FeCl3 and FeCl3-riboflavin in KCl

pH of 6. It was found that Chl~BLM photo~response

in the presence of Fe+3—riboflavin is lower than that

in tho prest-nt‘e of. Vl;‘(._‘.'.3 alone. This implies that

riboflaan functions as electron acceptor at high

solution pH.

ChleLT photo~emf curve in the presence of

Fe+3~riboflavin system.-

Chl—BLM photo—emf curve in the presence of

Fe+3 alone .  
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inost‘ RF (are flV~h (elcnetrxui druior) {0131s adricfl) coiuvie icitil Flz" anid

r

will enhance (,‘h‘EHhLM [>ht‘?'(.\-e.1:zf as Lu.‘1~..p:21_ed with Fir-+3 prem'nt alone. On

the contrar}, at pH = 6, most RF are I‘..;',‘~-A (electron acceptor) forms

a 1 - . q 4- - ~ ‘. 1'

whlfll coupie un;lx lo 3 Lnui shoulti redinma Cnl~ld£i}flloto~wuwt respcnwna as

. t. +3

compared with re - alone.

4) Enhancement of Chl~BLM photo~emf response by F0613 and FeClz.

An increment of about 74 mV photo—response with FeClZ present in the

BLM reference electrode has been observed. Two indications are: l) Fe+2

functions as an electron donor in the BLM system; 2) electron donating

and electron accepting compounds must both be present in the system to

create a photouresponse which is much larger than that of either

electron donor or acceptor present.alone. In addition, the photo-

rCSponSO form of the system with both electron donor and acceptor may

change as compared to that in which the electron acceptor is present

alone. Figure 33 indicates the difference of Chi—BLM photo—emf form

_ - - .4"? __ . '
before and aftvr the presence of be - to BLM reference electrode. It

seems that the enhancement of Chl~BLM reference electrode photo~emf

, +

1n 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 electron donor or electric field) which then began to

have the same response direction as the F1 component (photo»response

produced by the attraction of electron toward electron acceptor).

5) Chl—BLH photofemf induced by membrane potential in darkgplus
 

electron accepting compound. Out 'xperimental evidence shows that
 

Chl—BLM photo-emf in the presence of Nal has the greater value compared

t0 that of photo—emf, with each corresponding dark potential induced



Figure 33._ ChlthM photn~ruoponse pattern "before” and "after"

the addition of ieClZ (lo— H/l) to BLH reference

electrode. Fl component of photo-rcoponse results

from the absorwticn of licht~aencrnttd no ative
l x 2.)

charges (electrons) toward electron acceptor (FcCl3)

and, 1‘? (:mrpom-nt of phat(h-rcsqmnrza? is produced by

tJ1e nurvcuwnxt 01.,Ii5fl1twfinwicx Fiat] po::it1\u3 (fliaiqatn ()r

exciton toward electron donor or electric field.

In this particular case, F2 has the same direction

as Fl which indicates that the lignt—generated positive

charges or exciton are attracted by electron donor ‘

(FeClz) to enhance the charge separation which is

created by the electron acceptor. ‘
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1

by a simple maternally vpplicd source. It may suggest that Dial-—

CM‘xtaining 1 molecules have entered into the membrane and will fume-17;“?

2

as an 12 electzode. T2 will be reduced by the electrons produced by

Chi abscndthg the light. lflna direction of nmnnnmont of this wah1ced

Iodine in membrane will then depend on the direction of the electric

field induced by NaI diffusion. The experimental evidence to support

this postulate is the measurement of photo-emf for Chl—ELM formed by

Spinach extract mixing varying amounts of 12. For each 0.25 ml Spinach

chloroplast extract, very dilute (5%, lOX,_20A, 40X, 801) 12 solutions

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

2

buranol~dodecane 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~cmf 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 (SA) has greater photo—emf than any other 12‘

con tain ing Ch l~-BLI‘-I .

Biphasic photo-response can be seen by properly controlling the

electric field in the presence of NaI 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.

1) The photo—responses consist of two components; an initial

fast one followed by a slower component;

ii) The biphasic responses are observed at applied voltages in the

range of +3.8 mV to —0.3 mV;

iii) The initial component of the biphasic response is always

negative (the side facing the positive electrode);



Chl—BDI—l2 photo—emf as a function of membrane dark

potential. 108 ohm of external shunt resistor is

applied. Sodium buffer acetate (10“1 M), DH 5,

‘

was used as aqueous solution. Each curve

corresponds to varying amounts of 12 in Chi—BLM

forming solution.

 





Figure 35 .

l39

Biphasic respOnso of Chl-bLM photo-emf in the

presence of NaI (10~ M/l), and membrane dark

potentials between +3.8 and -0.3 mV.
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iv) The electron donating property of Nal can be seen only

within the range of: dark potential of +1.6 mV to -0.3 mV.

The electron donating of this Nal will reduce the initial

fast CUflanDnt and increase the slow component.

A general mechanism for Chl-BLM photo—emf can be described as

follows:

i) The diffusion of 1* from the inner chamber toward the outer

chamber will induce a dark potential with I—-c0ntaining side

becoming positive.

ii) It is possible that the NaI—containing 12 will enter into the

membrane accompanying the diffusion of I—.

iii) The charges generated by the light absorption of Chl in

membrane will cause the reduction of 12.

iv) This reduced 12 (or 1°) will move toward the inner chamber

where the positive electric 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 that the electron donating and accepting power of the redox

compound, or the electric field, will directly determine this charge
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expressed by an absorption coefficient (i.c., number pf mules oi

chlorophyll per liter of solvent); 5) light iriensity; and 3) light

duration time.

An equation to express the relation described above can be doziVC'

as follows. Let the light intensity be eXpressed as I. Then the emnunt

of light energy absorbed per unit time in unit cm2 of a layer of thickness

dX is

-dI = k°I*dX _ (l)

where k is the optical absorption coefficient. Now the light energy

absorbed per unit time in unit Volume will he

dI .
— dX — LI. (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 he expressed

88

An Ap a kI

B-kI (3)

where 8 is defined as "the quantum yield", i.e., number of pairs charge

formed by a single quantum, if 1 represented the number of quanta per

second.



if no other proteases took place esccnt carrier liberation, then
X

a

!

this number of charge carriers generated per unit volume would increase

with time; the expression is

311 3" Ap = {Ski °t. (4)

1) Charge recombination or absorption_process. It is known from
...—..--— -- .-.... 

experiments that, after a certain period of illumination, a maximum

photo~response is reached. This follows the process of charge

generation and, there must be a converse process of charge carrier

annihilation. This converse process may be either charge carrier

absorption by electron acceptor and donor, or the charge carrier

recombination. The steady state is defined as the state at which the

rate of charge carrier generation is equal to the rate of charge carrier

recombination or absu1priun, 0r

5.-...." ;: 0.

(5)

2)"Rela£atjon time of charge carriers. The relaxation time of
 

charge carrier is defined as the time that the light—generated charge

carrier is in a free state before absorption or recombination.

The relationship between An, Ap at steady state and the relaxation

time is expressed as

err =
dt 0

n
)

m
-

Anst = (BkI) ° T. (6)

3) Rel.xatinn process. The rate of not charge carrier production
 

. dAN
in BLM, 1n unit volume —it’ can be expressed as

(
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fiklr - AN

 

(IAN d t \

= j ; — ln(5k11 * AN) 3 ¥'+ K. (b)

-ln(fikT1). Inserting K intoAt t =‘0, AN = 0, therefore, K

equation (8), we obtain

 

~1n (BRIT - AN) = E-- ln(8klr)

BkIT - AN _ _.£

1“( BRIT ) ’ r

AN = BRIT (1 — e"t/T)

= AN (1 — e‘t/T) (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 expression of photo—

emf E

0P

_ y . _ -t/T .

op — [Eoplmax <1 e )° (10)

Since conductivity is the produce of e'U°AN, equation (9) can also be

expressed in terms of photo—conductivity:

—E T_ e / )

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

a»; (An) = 0 - A? . (12)
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ahcrn t is the {See that ELA remains in darkness after illumination.

Fume oxptziuontal rcsntts were found to support the above theoretical

;:;‘)pn..uc'n. Tut-y are: l) "s'hc 1' value, obtained from either the photo—

1

our noesurem at of from Lne photo—conductivity measurement, is 0.4

second for tho BRM system alone, 0.35 second for the BLM with FeCl3 and

0.10 second for the BLM with FeCl and ascorbic acid. This T value will

3

vary with the system used. 2) At constant amount of Chl and light

_
-
J

r
—
.

intens.ty, the variable BLM photo—emf is the exponential function of

light duration time. Figure 27 demonstrates this. 3) At constant

dur.':t'?on liiuuc and light- l;:!s_-w;‘_ity, this variable BI_.Mp110t0-emf is

proportional to ihe amount of Chl contained. Our experimental data

from the measurement for the Fe+3/ascorbic system indicate this linear

relationship between the photo~re3ponse and chlorophyll concentration

(in butanol-dodocane mixture), at least in the chlorophyll concentration

range of'S x 10"” M/l to 4 x 10"3 M/l. 4) Atoconstant duration time

and Chl concentration, this variable BLM photo-emf is directly

preportional to light intensity. For the Fe+3lascorbic system, the

experimental results indicate the linear relationship between the BLM

photo—emf response and the light intensity, at least in the range of

Z to 100% light intensity (100% light intensity is counted in our

system as the full light directed on the BLM from Keystone movie

projector).



4. Significance of 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 artificial lipid layer membranes are

of great value. Especially our evidence of redox reaction, in terms

of photo—emf technique, in the membrane surface should make the study

03 these redox events in photosynthesis possible.



CHAPTER VI

8INHARY

1. General Properties of Chl—BLM Photo-emf

The general preperties of Chl-BLM photo~emf which can be observed

are the following.

a) The maximum photofemf occurs near pH 5;

b) The ChlthH photo—response is time (in dark) dependent.

In the case of FeCl,, the system has to wait [or 1000 seconds in dark

_before a saturated photo-emf can be reached;

c) Duration time is also very important for the photo-reaponse.

1.5 second duration time is needed, at least in the case of FeCl3,

to have the maximum photo-response. It also shows that the longer

the duration time, the larger the slow component of photo~rcsponse;

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 FcCl3 is 2 x 10"5 M/l. In order to have the

photo—response, which is dependent on chemical compound concentration

only, we must consider the effect of membrane dark potential on the

photo~response which is created by the diffusion of FeCl3 containing

4- — . n . . .7
H from one Side to the other. lhis dark potential always has field



d rectiorwiHW{3site tr>tin3 facilituztb.n of nrqwztive charfyz\driCh moves

toward Tcfli . Our wr?8.n e is that when one reduces this membrane

)

(hark 1M)L’ 1L?. i to 213.71: 01m: can «nmiaign: ting pfinntcvvresynutsc: tc> 107 IhV

in this MHZ}, s:ys_1"'.k'.'.;

e) Tin Uni—81% gaitznne resistance can be varied, not only by

different chemical spacirs, but also by their concentrations and pH.

The membrane resistance in the case of FeCl3-(lO_” M/l) is ten times

lancer than in 130(1)“), (in 3 :4/1) . It is 'su g;e.~::ted that high membrane

resistance joined from the streng.binding of Fe+3 and negative polar

group of p~lipid or pigm‘nt will drop if this binding complex is

hydrolyzed near the solution/membrane interface. Above pH of 6,

FcCi3 will be hydroiyxed before it can form a complex and thus,there

will be no effect on R“. The quantity of drop in R.m will depend on

the (i(;.3)'il7(;‘f.f oi binding; of the complex and its hydrolysis;

f) The membrane dark potEntial (VD) can be created by H+

gradient, chemical diffusion or externally applied field. The hyper—

polarization_of membrane light potential indicates that H+ is a

sufiicicntly strong electron 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 BLM reference electrode technique has been develOped to test the

electron donating or accepting power of redox compounds. This

investigation has been systematically conducted from inorganic to

Organic compounds, then through some biochemical compounds. Two

Iliagrams of these compounds' electron donating or accepting power with

lweepect to FeCl“ have been established. The further up this diagram

J
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a compound appears, the greater is its tendency to dorete electrons.

The further down this diagram a compound appears, the greater is its

1’

tendenev to acce>t electrons. It is seen then tho: hul EMS. HSLUThiC- 3

hr; 8 anti brnixtuiuixiolleacid are the strongest electron donors, and 12, H

are the strongest electron acceptors.

The detailed reaction mechanism for the case ot each compound

is also discussed. For example: Chl-BLM break—down voltage of

approximately 120 to 160 mV was observed either by externally applied

voltage or light illumination onto the BLM in the presence of

3
Co(NH3) and tannic acid.

+

6

3. High Quantum Efficiency in Photo-effect

High quantum efficiency in photo—effect by means of the enhancement

. of ChleLM photofumt in the presence of redox compounds has been

obtained. Among them, as shown in Table 4, the largest photo—emf is

for the case of FeCl3 and ascorbic acid. An open-circuit photofemf

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

were observed.

4. Chl—BLM Photo—emf Responses Determined by Charge Generation and

Separation

Based on the postulation of Tien [1966], the quantity of the

Chl-BLM photofemf seems to depend on (1) the number of generated

charge carriers, and (2) their separations. An in depth discussion

Of them separately would facilitate understanding of the detailed

Inechanism of this photo-emf. A photo—emf equation based on this

(fliarge generation has been derived and its fixation to the experimental

results an3<Hscussed.



Since tin: char3i\qunaiation i :zaainly ahzterminrwlir; the p1nwunico

of electron donor and acceptor, several t}pical redox c Mpounds are

chosen to support this idea. FnCl3 is a strong electron donor thich

is reduced by absorbing electrons from the solution/membrane intrrtace.

The larger the amount of FeCl3 present, the larger the membrane charge

separation. Riboflavin functions as either an electron donor or as

an electron acceptor depending on its pH value. As a result, the

polarity and the membrane charge separation 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 i573 good model system for studying

the reaction mechanism of redox reactions occurring at the membrane/

solution interface; (ii) Chlwbtn functions as an electrode to transfer

the electronic charge from one membrane/solution interface to the

other interface; (iii) It seems possible to use Chl—BLM to study the

energy conversion process, such as in photosynthe81s.
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