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Photosynthesis is not all sweetness and light,



PREFACE

My first introduction to the mysteries of photosynthesis came from
a study of the photoconductivity of dried chloroplast preparations, The
stimulus for that research came from similar studies of Arnold and from
the solar battery theory of photosynthesis proposed by Calvin., It be=~
came clear, however, from the experimental studies of a number of workers,
the most elegant work being that of Witt and coworkers, that the photo-
synthetic process includes photochemical reactions of chlorophyll. That
is, chlorophyll molecules are chemically involved in the process, as op-
posed to acting physically as electronic conductors in a crystalline lat-

tice,

Through the guidance of Dr, David Mauzerall, 1 was introduced to
porphyrin and, specifically, chlorophyll photochemistry., I still felt
that the chloroplast structure, in which the chlorophyll molecules are
embedded, has a significant role in controlling the nature of the photo-
reactions of the active chlorophyll molecules. It was this rationale

which led to the studies of the particle systems described in this thesis.

Throughout the course of this work I have benefitted from the guid-
ance and comments of many of the faculty and students of the Rockefeller
Institute on the biological, chemical, physical, and mathematical aspects
of the‘problem. I am grateful for the opportunity of working in such a

stimulating environment.

I would like to thank Dr. Philip M. Seeman for assistance in taking

the electron micrograph of the polystyrene particles shown in figure 8.

The polyethylene used for the chromatography of the chiorophyll and

pheophytin was a gift of the Koppers Co., Plastics Division,

I would like especially to thank Dr. Sam Granick for his guidance
and his warm hospitality in making available the many resources of his

laboratory.

This work would be much the poorer if it were not for the patient
tutelage of Dr., Mauzerall, In addition to teaching the tangible, such
as organic and photochemistry, and the '"semi-tangible', such as the art
and science of designing and performing experiments, he has also demon-

strated the great importance of the intangible, critical scientific thinking,
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ABSTRACT

One of the major problems in the study of photosynthesis is under-
standing the role which the structure of the photosynthetic apparatus
has in influencing the nature and efficiency of the photochemical
electron-transfer reactions of chlorophyll. This research has involved
the study of a simple model for the chloroplast with the purpose of

gaining some insight into this problem.

It is known that chlorophyll and related molecules will photo-
sensitize oxidation-reduction reactions both in sclution and in the
adsorbed or colloidal state, The model chosen as being most closely
related to chlorophyll in vivo has the pigment adsorbed to the surface
of small particles. Pheophytin was used in these studies because chloro-=
phyll was sometimes degraded by the ﬁarticle surface, A method was
developed to study quantitatively the photosensitized reduction of an
azo dye in the highly scattering particle suspensions., Measurements of
the absorption and fluorescence properties of the coated particles were
made to learn more about the state of the pheophytin on the particle sur=
face, The effect of the surface was differentiated from the effect of
interactions among the pigment molecules by varying both the type of

surface and the concentration of the pheophytin on the particle surface.

At less than 0.01 surface coverage of pheophytin on nonpolar poly-
styrene particles, the quantum yield of photosensitization is the same
as that with the pigment in 90% methanol solution, within a factor of
three. The quantum yield falls to 1/2 this maximum value only at 0.4
coverage, In this region the absorption spectra are broadened toward
longer wavelengths, indicating aggregation of the pheophytin, The
fluorescence also decreases with increasing surface concentration and is
50% quenched at 0,03 coverage. The quenching of monomer fluorescence is
accounted for by energy transfer to the very weakly fluorescent aggregates,
the number of which is estimated by a one-dimensional Ising model.
Analysis of these results shows that small aggregates are photoreactive,

but probably ndt as active as the monomers.,

On a polar surface (zeolite particles) the absorption spectra are
always broadened and the fluorescence yield is very low for all surface

concentrations of pheophytin. The photochemical activity increases
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with increasing coverage, but at best only reaches the low yield of the

1.0 coverage polystyrene. The type of surface thus has a profound effect

on the adsorbed pigment,

This model shows that adsorption to an interface does not necessar-
ily affect the photochemical activity of the adsorbed pigment and that
photochemical reactions can occur at relatively high pigment concentra-
tions., Comparison shows that the particle model has some properties which
are strikingly similar to those of the photosynthetic apparatus. Further
studies of this model, e.g., the stepwise adsorption of additional
reactants known to be present in the chloroplast, should lead to a greater

understanding of the photochemical reactions in photosynthesis,



TABLE OF

Preface

Abstract

Chapter I: Introduction

Chapter II: Materials and Methods

I. Materials

II. Methods

CONTENTS

A) Preparation of coated particles

B) Analyses of the coated particles

C) Photochemical studies

D) Spectral measurements

Chpater III: Experimental results and discussion

I. Preliminary studies of the photosensi-

tization reaction

II., Pheophytin-coated polystyrene particles

ITI. Pheophytin-coated zeolite particles

Chapter IV: Conclusion

Bibliography

vi

iii

iv

12

12
17
17
19
21
32

35

35
46
64

69

77



CHAPTER 1

INTRODUCTION

"Photosynthesis is a series of processes in which electromagnetic
energy is converted to chemical free energy which can be used for
biosynthesis" (Kamen, 1963). This definition is quite different from

the ones usually encountered in textbooks, such as

chlorophyll

light + 6 CO2 + 6 Ho0 3= CgHyg0g + 6 0y . (1)
However, it implicitly recognizes the photosynthetic bacteria, which do
not produce oxygen, as do algae and higher plants, but are able to use
the energy in sunlight to manufacture biological materials., Photo-
synthetic processes can be divided into the "'light reactions,” the highly
efficient photochemical reactions of chlorophyll and bacteriochlorophyll,
and the "dark reactions,'" those that proceed in the absence of light.
Kamen's definition emphasizes that the photochemical reactions are the
unique property of photosynthetic organisms. Most of the dark reactions
are at least similar to the biochemical processes found in all living

things.

Electron microscopical studies have revealed that the photosynthetic
apparatus has a very complex structure made up of membranes or lamellae,
The pigments such as chlorophyll are embedded in the lipid and protein
membranes of this structure. While photochemical reactions of chlorophyll
and bacteriochlorophyll have been studied extensively in solution, no
photochemical reaction has been found which will convert light energy to
useful chemical energy with the efficiency attained by the plant. One
of the major reasons for this must be the structural complexity of the
photosynthetic apparatus. The object of this research has been to develop
a model in which the effect of organization on the photochemistry can be

studied,

To put the studies to be described into the proper perspective, it
will be useful to review briefly what is know about the steps in the
photosynthetic process. There are many excellent reviews and collections
of papers which discuss photosynthesis in more detail, Among these are

the volumes edited by Ruhland (1960), McElroy and Glass (1961), and Gest,



San Pietro and Vernon (1963), the symposia sponsored by the National
Academy of Sciences (1963) and -the Centre National de la Recherche
Scientifique (1963), the article of Gaffron (1960), the books by
Bassham and Calvin (1957) and Calvin and Bassham (1962) and the great
tréatise by Rabinowitch (1945, 1951, 1956)., The discussion will be

limited primarily to the photosynthesis of algae and higher plants,*

In higher plants, the entire photosynthetic process, as defined in
reaction I, occurs in the chloroplasts, the small chlorophyll=-containing
bodies in the plant cells (Arnon, 1960). Photosynthesis can be divided

into the carbon-dioxide fixation reactions (Bassham and Calvin, 1957)

(dark)
12 NADPHZ + 18 ATP + 6 C02 >

CgH90g + 6 HoO + 18 (ADP + P;) + 12 NADP,  (II)

and the reactions which produce the reducing agent, NADPHZ,and the energy

source, ATP, (Arnon, 1960).

chlorophyll (I11a)
pay >

light + n ADP + n Pi n ATP

light + 2 ADP + 2 Pi + 2 NADP + 4 H20

chlorophyll

> 2 ATP +.0_ + 2 NADPH2 + 2 H_O. (I11b)

2 2

In the above reactions NADP and NADPH2 are the oxidized and reduced

forms, respectively, of nicotinamide-adenine dinucleotide phosphate, ATP
is adenosine triphosphate, ADP, adenosine diphosphate, and Pi’ inorganic
phosphate (P043_). In summary, the light-requiring reactions, IIIa and
IIIb, provide the electrons and the energy necessary for the conversion of

carbon dioxide into carbohydrates and other cellular materials,

The reactions IIIa and IIIb, which have been called cyclic and non=
cyclic photophosphorylation, respectively, by Arnon, make up the electron-
transport system of the chloroplast. The most widely accepted scheme

for this system is diagrammed in figure 1, It has been reviewed by

* An entirely different view of the photosynthetic process from that
described here is held by Warburg (1958, 1963; see also Good, 1965; Vennes-
land, 1964; and Bladergroen, 1960).
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Figure 1, Schematic diagram of green plant photosynthesis,
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Clayton (1963), who has also considered its relationship to bacterial
photosynthetic electron transport. The diagram is similar to that
originally presented by Hill and Bendall (1960) and modified by

Arnon (see Arnon, 1963).

The electrons are transferfed from molecule to molecule in this
system through a series of oxidation-reduction reactions. While not
all the components of the electron-transport system have been defined,
they are thought to include plastoquinone (Q), cytochromes b6 and £, which
are unique to the chloroplast, chlorophyll a and b (see Rumberg, 1964b,
for evidence of chlorophyll b participation), and ferredoxin (Fd; for a
review of the biochemistry of bacterial ferredoxins see Valentine, 1964),
The light reactions 1 and 2 in figure 1 are chlorophyll-photosensitized
oxidation-reduction reactions, i.e., reactions in which the energy of
the electronically excited chlorophyll is used to transfer electrons
against a chemical free energy gradient. The reactions of the cytochrome
chain, including the phosphorylation reactions, are probably similar to
those in the electron-transport chain of mitochondria (see Lehninger,
1964).

A variety of evidence suggests that not every chlorophyll molecule  :
is part of an electron-transport chain. Kok and Hoch (1961) have evidence
for a special form of chlorophyll, called P700 because of its absorption
maximum at about 700 my, which they feel is the photochemically active
pigment in light reaction 1, The work of Witt and his coworkers is in
agreement with this conclusion., Kok and Hoch estimate that there is one
molecule of this P700 for every 300-400 chlorophyll molecules in the
chloroplast, Park and Pon (1963) have examined the chemical composition
of chloroplast lamellae fragments which are able to perform at least
part of the photosynthetic reactions, i.e., the Hill reaction with ferri-
cyanide as reductant (see below). They found that for each atom of
manganese there were six atoms of iron and 115 molecules of chlorophyll.
The manganese is thought to be involved in the oxygen-producing reactions,
There would thus appear to be 115 chlorophyll molecules (or some multiple
of this depending on the amount of manganese associated with a reaction
site) associated with one electron-transport pathway. The iron is present
in the cytochromes and in ferredoxin. Gross, Becker and Shefner (1964),
by centrifugal analysis, have estimated that the smallest particles able
to reduce ferricyanide in the Hill reaction contain about 600 chlorophyll

molecules.



The Hill reaction (Hill, 1937) may best be defined as the production
of oxygen by isolated chloroplasts (or chloroplast fragments) in the
light in the presence of added (external) electron acceptors. Reaction IIIb
might be considered to be a variant of the Hill reaction, but the latter
is generally studied under conditions in which the phosphorylation is
decoupled and with nonphysiological oxidants such as ferricyanide or
dichlorophenol-indophenol (DCIP), There is some question as to where
these added acceptors accept electrons from the electron-transport path-
way (Biggins and Sauer, 1964). This question is important in considering
how intact the photosynthetic apparatus is in experiments such as those
of Park and Pon and of Gross et al. While Witt and coworkers (Witt,
Muller, and Rumberg, 1963; Rumberg, 1964a) claim that ferricyanide can
accept electrons from an intermediate, Z, reduced in light reaction 1,
Biggins and Sauer claim it is reduced by a substance between reactions 2
and 1. I do not feel that the evidence of either of these groups
unequivocally establishes their claim., Thus, there is some uncertainty
as to how much of the photosynthetic electron-transport system is
associated with the 400-600 molecules of chlorophyll determined in the

above experiments,

Emerson and Arnold (1932) originally introduced the concept of a
photosynthetic unit. They defined "one unit arbitrarily as the mechanism
which must undergo the photochemical reaction to reduce one molecule of
carbon dioxide.," Emerson and Arnold estimated that this unit contained
about 2500 chlorophyll molecules, They illuminated a Chlorella suspension
with brief (1072 sec), intense flashes of light followed by a dark
period of duration sufficient for completion of the subsequent enzymatic
dark reactions, The ratio of the number of chlorophyll molecules in the
suspension to the number of molecules of oxygen produced per flash at
saturating intensities was taken as the size of the unit., Similar results
have been obtained by other workers (see Rabinowitch, 1956, p. 1274;

Kok, 1956). Since two molecules of NADPH2 and three of ATP are required
for the reduction of a molecule of carbon dioxide, there must be at least
two or three electron-transport chains in each photosynthetic unit as
defined above. Thus there would be 800-1200 chlorophyll molecules per

electron-transport chain. This number is the same order of magnitude as



the values quoted above., Because of the uncertainties in these measure-
ments, especially in estimating the chlorophyll in small particles, the
values are probably correct only within a factor of two or three., But
it does appear safe to conclude that somewhere between 100 and 500
chlorophyll molecules cooperate to facilitate one or the other of the
two photochemical reactions., The number in the photosynthetic bacteria

appears to be in the lower range.,

The photosynthetic unit of Emerson and Arnold is a functional unit
and does not necessarily have structural significance. Park and Pon
(1961; see also Park, 1962) have observed small particles associated
with the membranes of the chloroplast., These particles contain chloro-
phyll, and aggregates of a few particles are capable of photochemical
activity., The particles were initially called quantasomes, but the defi-
nition of this term was later revised to include the membranes to which
the particles are attached (Park and Pon, 1963). The quantasomes are
probably similar to the particles studied by Gross et al., (1964). 1In
contrast to the photosynthetic unit, the quantasome is essentially a
structural unit, However, the quantasome may also be a functional unit,
which includes part or all of the electron-transport chain, Boardman and
Anderson (1964) have recently reported the isolation of two different
types of particles from spinach chloroplasts., It appears that light
reaction 1 is associated with one type of particle and reaction 2 with the
second. Thus, two or three quantasomes of each type, with the water-
soluble carbon dioxide fixation enzymes, would combine to fulfill the

functions of a photosynthetic unit.

I have used the concept of photosynthetic unit strictly in the sense
of Emerson and Arnold's original definition. More recently the term has
been applied to the set of molecules around a photochemical reaction
centeg, including the 100-500 chlorophyll molecules mentioned above
(Clayton, 1963), By this definition the quantasome might have the func~
tions of one (small) "photosynthetic unit" (or two different units, each
associated with one of the two light reactions 1 and 2)., Some clarifi-
cation of terminology would be useful here, For the purpose of the
following discussion, I will avoid the use of the term photosynthetic
unit except in the sense as originally meant by Emerson and Arnold. The

term quantasome will be reserved for the structural unit or particle,



The functional units defined by the photosynthetic electron=-transport
system and the associated pigment molecules will be described in these
terms, though it will also be useful to describe the two photochemical
reactions as occuring at reaction centers, I hope in this way to avoid

introducing any new terminology until the above confusion is resolved,

What is the nature of the cooperation among the chlorophyll molecules
associated with a given photochemical reaction center? The experiments
of Kok and Hoch, Witt and coworkers, and others have suggested that
not all the chlorophyll is photochemically active, It is generally
accepted that the light energy absorbed by the unreactive chlorophyll
molecules as well as that absorbed by the accessory pigments, such as
carotenoids and phycobiling, is transferred to the reactive ones, That
energy transfer does occur in algae and in the photosynthetic bacteria
has been demonstrated by French and Young (1952) and by Duysens (1952),
using the fluorescene of chlorophyll as the criterion of transfer.
Additional evidence comes from the studies of Haxo and Blinks (1950)
on the action spectrum of photosynthesis and of Myers and French (1960)
and Blinks (1960) on the action spectra of enhancement (Emerson effect)
and chromatic transients (Blinks effect) in algae. 1In addition to
demonstrating energy transfer, these latter studies show that the light
absorbed by the accessory pigments and chlorophyll b is not only used in
photosynthesis, it is required for photosynthesis to proceed at maximum
efficiency. French and Young and Duysens, especially, attempted to
explain the transfer by using the resonance-~transfer theories of Forster
(1960) (see chapter III), Other explanations have been in terms of
electronic conduction (semi-conduction) and exciton migration (Katz,
1949; Clayton, 1963; Bay and Pearlstein, 1963). For the present purposes
it is sufficient to note that, within the chloroplast, there is a
reaction center associated with every 100 to 500 chlorophyll molecules,
The majority of the chlorophyll molecules and the accessory pigments act
as "antennae" for the chlorophyll at the reaction site. That is, they
absorb the light and transfer the electronic excitation energy to a site
where the conversion of light to chemical energy takes place. This energy
conversion occurs in either of the two photochemical light reactions of
chlorophyll, 1 or 2 in figure 1, in the photosynthetic electron-transport

chain, Some of the biggest gaps in our understanding of the photosynthetic



process are the mechanisms of these highly efficient photochemical reactions,

Many workers have studies the photochemistry of chlorophyll in dilute
solution (Livingston, 1960) in order to get some clue to the mechanism
of the photosynthetic reactions, Most of these studies have been on
chlorophyll-photosensitized oxidation-reduction reactions and the direct
photoreduction of chlorophyll itself, Pigments related to chlorophyll,
such as pheophytin, have also been used in these studies. The reactions
are listed in table I. A most important feature of these reactions is
their low energy-conversion efficiency, i.e., how much light energy is
converted into chemical energy. Some reactions have high quantum
efficiencies, i.e., the number of molecules reacted per quantum of light
absorbed, but the reactions do not store energy. The light only helps
to get over the activation energy barrier. Some reactions do store

energy, but these generally have very low quantum efficiencies.

How similar the mechanisms of the sensitization reactions are to the
photosynthetic reactions is unknown., This is because the mechanisms of
these reactions have not been unequivocally determined (see chapter III).
Moreover, the steps involved in the two photosynthetic light reactions
are unknown, although there is some evidence that light reaction 1 involves

a photo-oxidation of P700,
Light + chlorophyll + Z —> chlorophyll+ .3 : (IV)
followed by reduction of the oxidized chlorophyll by a cytochrome,
+ 11 I1I
chlorophyll™ + Fe Cyt, ——> chlorophyll + Fe "~ Cyt. (v

(Clayton, 1963),
While further studies on the mechanisms of both the in vivo and the

in vitro reactions will be useful, there is a major problem in comparing

them, Chlorophyll in the plant is not in dilute solution, as it has been

in the in Xizfgustudies. Rabinowitch (1945, p. 412) has estimated that

the chlorophyll concentration in the chloroplast is about 0,06-2 M. More=
over, it is associated with the lipids, accessory pigments, proteins, etc,,
of the quantasomes and the chloroplast membranes. Thus, although reactions
in dilute solution are relatively easy to study, they may have no relation

to biological reality,



1)

11)

I11)

Sensitized autooxidations

Sensitized dye reductions

Direct photoreduction

Reductants

allylthiourea
ascorbic acid
benzidine

dihydrobenzyl-
nicotinamide

ascorbic acid
phenylhydrazine

dihydrobenzyl-
nicotinamide

ascorbic acid
phenylhydrazine

dihydrobenzyl-
nicotinamide

TABLE I

Oxidants

oxygen

azo dyes

(e.g.,methyl

red)
safranin

benzyl-
nicotinamide

NAD

chlorophyll
pheophytin

MAJOR TYPES OF CHLOROPHYLL PHOTOREACTIONS IN VITRO

Light absorber

chlorophyll

pheophytin

chlorophyll
pheophytin

chlorophyll
pheophytin

Properties

no energy
storage

quantum yield
about 1

can store
energy

lower quantum

yields (0.2)

need anaerobic
conditions

can store
energy

very low quantum

yields

need anaerobic
conditions



Attempts to approximate more closely the state of chlorophyll in
vivo have led to studies of colloidal suspensions (Evstigneev and Gavri-
lova, 1959; Bannister, 1963) and concentrated solutions (Brody and Brody,
1963; Broyde and Brody, 1964). Many colloids show little or no photo-
chemical activity (Krasnovskii and Brin, 1948; Bannister, 1963) though

there are a few that are relatively active.

Vernon (1961) has prepared unstable colloidal suspensions by
absorbing chlorophyll to powdered sugar and immediately dissolving the
sugar in a buffered aqueous solution. These preparations are able to
sensitize the reduction of methyl red by ascorbic acid at rates about
one-half those of chloroplast preparations. The rates should be compared
with caution, however, because of the different scattering properties
(and therefore different light absorbing properties) of the two prepara-
tions. Krasnovskii and Brin (1948) found that a dispersion of chlorophyll
in aqueous solutions containing detergents was fluorescent and photo-
chemically active, In a more quantitative study, Bannister and Bernardini
(1963) found that such a colloidal dispersion (using Tween 20 as the
detergent) was able to sensitize the autoxidation of 2,5-toluene diamine
hydrochloride with a quantum yield of 0.16. They were unable to compare
this with the value in organic solvents because different products were
formed in the two cases, However, the quantum yield of photo-oxidation
of chlorophyll itself was about the same in the detergent dispersions and

in acetone and alcohol solutions (quantum yield about 2 x10n4)°

Although these studies are of interest, it is difficult to charac~-
terize the state of the pigment in these systems (i.e., the degree of
aggregation in concentrated solutions or the structure and size of the
colloidal particles). Thus, it is difficult to tell how well these

colloids mirror the photosynthetic apparatus.

A more realistic model for the photochemical reaction centers in the
plant would be chlorophyll adsorbed to a known interface. Studies of such
model systems should reveal the ways the environment (e.g., the adsorbent
surface) can influence the properties of the adsorbed chlorophyll. Another
feature of these systems is that much can be learned about the state of

the pigment at the interface.,

One obvious version of such a model is chlorophyll at air/water

interfaces. There have been a number of studies of such monolayers



(Langmuir and Schaeffer, 1937; Hanson, 1937, 1939; Jacobs, Holt and
Rabinowitch, 1954; Trurnit and Colmano, 1959; Colmano, 1961, 1962), The
most elegant work has been that of Bellamy, Gaines, and Tweet (1963), who
have taken care to prevent the destruction of the chlorophyll in the mono-
layer (see Colmano, 1961), These studies have revealed much about the
structure and physical properties of chlorophyll in the monolayers, but
photochemical studies would be inordinately difficult, because of the

large areas required.

I have chosen to study a model which combines the structural features
of the surface-film technique with the simplicity of photochemistry in
solution, In this model the pigment molecules are adsorbed to the surface
of small particles, The specific pigment which I have used is pheophytin a
(figure 2), chlorophyll a without its central magnesium atom., Chlorophyll
was not used because it was degraded either on adsorption or in the photo-
chemical reactions (see chapter III). I have studied the effect of different
interfaces on the photochemistry of the adsorbed pheophytin by using different
types of particles, polystyrene and zeolite., Such freedom in the choice of
surface is lacking in the monolayer technique. Interactions among the pheo-
phytin molecules, such as might be expected to occur with chlorophyll in
vivo, have been studied by varying the surface concentrations of the ad-
sorbed pigment, (This can be done more easily on particles than with sur-
face films.,) Optical studies, such as the determination of the absorption
and fluorescence spectra, were performed to learn more about the state of
the pheophytin on the particle surface., (It should be noted that polarization
experiments, however, can be done more easily on monolayer films; Tweet,

Gaines and Bellamy, 1964b.)

I have used the quantum yield of the sensitized dye reduction reaction
(type II in table I) as a measure of the photochemical activity of the
pheophytin-coated particles. The dye used in most of the studies was
the azo dye, amido naphthol red 6B (ANR, figure 3). In one series of
measurements, the safranin dye, fuchsia (figure 4) was used. The reducing
agents used in these studies were N'-benzyl-1,4-dihydronicotinamide (BNH,
figure 5,2), N'-carboxamidomethyl-1,4-dihydronicotinamide (CNH, figure 5,b)
and ascorbic acid (figure 6). Thus, in a typical reaction, pheophytin
adsorbed to polystyrene particles photosensitized (i.e., photocatalyzed)

the reduction of ANR by BNH (reaction VI):



Figure 2., Pheophytin a,
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Figure 3. Amido naphthol red 6B (C.I. no. 18055),
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Figure 4, Fuchsia (C,I. no. 50205).
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Figure 5. a) N'-benzyl-1,4-dihydronicotinamide; b) N'-carboxamidomethyl-
1,4-dihydronicotinamide.
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Figure 6, Ascorbic acid,
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Estigneev and Gavrilova (1960) were the first to show that
chlorophyll and related pigments will sensitize the reduction of methyl
red by ascorbic acid even when adsorbed to the surface of materials such
as powdered alumina, No comparison was made between the rates of the
reactions for the pigments on the adsorbent and dissolved in solution,
although Evstigneev and Gavrilova do remark that no reduction was
observed in the particle systems when safranin T was used instead of
methyl red. The latter reaction, which results in some storage of energy
in contrast to the reduction of methyl red, which does not, does proceed
when chlorophyll is in solution., Evstigneev and Gavrilova did not make
extensive studies of the state of the adsorbed chlorophyll, though they
did note that its red absorption maximum was shifted only 5 to 10 my
from its location in solution (about 662 my). Since crystalline chloro-
phyll has a red absorption maximum in the region 720-740 my, they con-
cluded that "the layers of adsorbed pigment do not have [a] high degree
of orderly aggregation,' and that such aggregation was not necessary for

photochemical activity.

After the work described in this thesis was completed, it was dis-
covered that the Russian workers had extended their studies somewhat.
Komissarov et al (1963) measured the effect of varying the surface con-
centration of chlorophyll adsorbed to powdered ''caprone' (Nylon 6) on the
photosensitized reduction of methyl red., As the amount of chlorophyll
on the surfact was increased, the amount of methyl red reduced increased
until the surface was covered (one complete layer), The amount of reduc-

tion did not increase further as additional chlorophyll was adsorbed to



11

the nylon powder. It appears (though it was not explicitly stated) that
the experiment was performed with a constant amount of adsorbent and
different amounts of chlorophyll in the reaction mixtures, and the data
were not corrected for the variations in the amount of light absorbed by
these mixtures. Komissarov et al, manage to conclude, however, that the
chlorophyll was most effective as a sensitizer at surface concentrations

which were less than one layer and thus "in the adsorbed state the indivi= !
dual molecule serves as an active unit sensitizer, and the presence of

an aggregate is not a necessary condition for the appearance of its
sensitizing action." Again, no comparison was made between the activity

of chlorophyll on the nylon powder and in solution. Thus, the conclusion

from this second study is identical to the first.

My experiments have shown that the photochemical properties, the
absorption spectra, fluorescence spectra, and fluorescence yields of
pheophytin adsorbed to the surface of small particles vary markedly with
different surface concentrations of the pigment, With the spectral
studies and a theoretical model for the distribution of the pheophytin
on the particle surface (as monomers and aggregates), I have been able
to demonstrate that a great deal can be learned about the properties of
the monomers and aggregates from these particle systems. By comparing
the particle systems with pheophytin in solution, I have been able to
show how adsorption to a surface can affect the behavior of the pheophytin,
These studies are described in chapter III. In the final chapter, the
significance of these studies and the relation between the model system

and the photosynthetic apparatus will be discussed.



CHAPTER 1I

MATERIALS AND METHODS

1. Materials:

All solvents were reagent grade. For the adsorption of pheophytin
to the particles and for the photoreactions, the solvents were redistilled
from either phosphorous pentoxide or Drierite. Spectroquality dioxane
was used for analyzing the polystyrene particles., The distilled water
was either twice redistilled, once from alkaline permanganate and a
final all-glass distillation, or once redistilled from alkaline permanga-

nate through a 70 cm long distillation column packed with glass coils.,

Reagent grade ascorbic acid was recrystallized from ethanol.
N'-benzyl- and N'-carboxamidomethyl-1l,4~-dihydronicotinamide were crystal-
line preparations obtained from Dr. David Mauzerall (See Mauzerall and
Westheimer, 1955). The amido naphthol red 6B (ANR, C.I. Acid Violet
7, C.I. no, 18055; see Soc. of Dyers and Colourists, 1956) was purified
by Soxhlet extraction with methanol and chromatographed on alumina., The
absorption spectrum of the ANR in distilled water is shown in figure 7.
The molar absorptivity in water is 3.08 x 104 liters mole—1 cm-1 at the
absorption maximum (525 my). Fuchsia (C.I. no. 50205) was once recrystal-
lized from an ethanol-toluene mixture., Its molar absorptivity in water
was 4.52 x 104 liters moleul cm! at the absorption maximum (553 mu).
Methyl red (C.I. no. 13020) was recrystallized from toluene (Clarke and
Kirner, 1922), All other dyes were used directly from the laboratory

stocks of Dr.S. Granick without further purification, Most were com=

mercial preparations.

Several methods were used for the preparation of chlorophyll a and
pheophytin a., The most satisfactory one was based on the procedure of
Anderson and Calvin (1962) using chromatography on powdered polyethylene.
I found it convenient to filter the initial acetone extract of the leaves
on polyethylene. This removed lipids which tended to precipitate when
the acetone was diluted with water. This precipitate complicated the
polyethylene chromatography when the initial filtration was not done.

The following is the procedure most recently used and was found to be

the best one:

12
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Figure 7, Absorption spectra of 3.22 x 10_5 M amido naphthol red 6B (ANR) in
water and of 6.5 x 10™° u pheophytin a in benzene (1 cm cell),
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Two hundred grams of fresh leaves (spinach or pokeweed) were washed
and the petioles removed., They were ground in a Waring blendor with
500 ml of absolute acetone., (Lyophilized leaves, which have been stored
in a freezer, can also be used. In this case they should be extracted
with 500 ml of 80-85% acetone/water per 200 grams original net weight.)
The resulting mash was filtered through a thin pad of powdered polyethylene
(Super Dylan PE 6008 Powder, Lot 29A2-14A-1, Melt Index 0.95, Density 0,953,
Koppers Co., Plastics Division) on a Buchner funnel., The resulting solution.
was diluted to 70% acetone withdistilled water. The pigments were then
adsorbed onto a 4.5 cm diam, x 40 cm long column of the powdered poly-
ethylene. The column was developed with 70% acetone/water, The xantho-
phylls eluted from the column first, preceding the chlorophylls and the
pheophytins. Those carotenes which were not removed in the first filtra=-
tion on polyethylene remained at the top of the column., After the yellow
xanthophylls had been eluted the chlorophylls, were washed from the column
with 85% acetone. They were transferred to petroleum ether (30—60o bp)
and the acetone removed by thorough washing (about 6 times) with water
in a separatory funnel. The petroleum ether solution was dried with sodium
sulfate and concentrated to about 100 ml under vacuum., The solution can

be stored overnight at this stage.

Next, the pigments were adsorbed onto a similar column of dry con=-
fectibners sugar (Domino, 10X Powdered). 10% ether in petroleum ether
was then passed through the column to remove a small trace of xanthophyll
(Perkins and Roberts, 1962). The chlorophylls did not move in this solvent,
When the faint yellow xanthophyll band was 1.5-2 cm below the chlorophyll
band, the developing solvent was changed to 0.5% isopropanol in petroleum
ether. 1In addition to the blue-green chlorophyll a band followed by the
green chlorophyll b band, the respective pheophytins a and b and chloro-
phylls a' and b' (see Rabinowitch, 1956, p. 1771) were seen as small
bands preceding the main bands. When the chlorophyll a was clearly
separated from the preceding and following bands, the sugar was dug out
of the column; care was taken not to mix the various pigmented bands.

The center portions of the chlorophyll a and b bands were saved and the
remaining sugar discarded. The chlorophylls were eluted from the sugar
with acetone. If the chlorophylls are the desired final product, they

can be transferred to petroleum ether as before and chromatographed



14

separately a second time on powdered sugar. Each chlorophyll should chroma=-
tograph as a single band, though chlorophyll b may require a third chroma-
tography to remove chlorophyll a completely.

For pheophytin a, the acetone solution of chlorophyll a from the
first powdered sugar column was treated with 10% by volume of 0.5 M
oxalic acid in water, as suggested by Bellamy and Lynch (1963), and
left in the dark at room temperature for about 30 minutes. By this
time the chlorophyll was converted to pheophytin. The reaction was
followed by observing the absorbance at 665 my which decreases to about
50% of its original value and then remains constant, The pheophytin
was then transferred to petroleum ether as before, This solution was
washed exhaustively with water to remove the acetone and oxalic acid,
The petroleum ether solution was then dried with sodium sulfate and the
pheophytin a adsorbed onto a dry-packed powdered sugar column as before,
The column was developed with 0.25% isopropanol in petroleum ether and

only a single olive green band was seen,

During the final chromatography, the main pigment band was allowed
to move abouf halfway down the column, a sufficient distance to detect
and separate other bands if present, The band was then dug out of the
column and the pigment eluted from the sugar using a small amount of
ether, The chlorophylls and Pheophytlns can be crystallized as described
by Jacobs, Vatter and Holt (1954) We have found it more convenient to
transfer the phFophytin to n-propanol by adding the propanol to the
ether solution and removing the ether under vacuum. The pheophytin was
then pfecipitated by diluting the propanol to about 25% with 0.005 M
phosphate buffer, pH 6.5. The pheophytin was collected by centrifugation
and stored wet in 50% methanol/phosphate buffer in the freezer. Such

preparations appear to be stable for a period of several months,

The absorption spectrum of pheophytin a in benzene is shown in
figure 7, along with that of the ANR. The locations of the absorption
maxima and minima, as well as fhe ratios of the absorbancies at these
wavelengths, are shown in table II and compared with the data of Bellamy
and Lynch (1963). The agreement betwéen'my data and those of the latter

workers is very good,

The molar absorptivity of pheophytin a in 80% acetone (by volume)

4 -1
was taken as 4.94 x 10 1liters mole = cm . at the absorption maximum,



TABLE 1II

SPECTRAL PROPERTIES OF PHEOPHYTIN A IN BENZENE

This work Bellamy & Lynch
(1963)

ABSORPTION MAXIMA

R 670 mu 669 my
(half width = 18,3 mu) (half width = 19,0 my)
612 my
537 my
508 my 508 my
414 mp 414 my

ABSORPTION MINIMA

Absolute minimum

M) 583 my 582 my
Relative minimum
(Mé) 455 my, 456 my

ABSORBANCE RATIOS

B/R 2.02 2ol
R/Y 4.7 4,7
R/M1 31.8 31.

Ml/M2 1,7-1.8 1.9
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666 my (Vernon, 1960). The absorptivity in other solvents was determined

by comparison of the absorbance of pheophytin in these solvents with an

80% acetone solution of equal concentration., The values at the red absorp-
tion maximum were 5,28 x 104 liters mole_1 cm_l (665 my) in absolute acetone,

4 - 4
5,42 x 10 1liters mole & cm . (667.5 my) in chloroform, and 4.98 x 10 1liters

- 1
mole 1 cm (668 my) in dioxane.

In agreement with Perkins and Roberts (1964) and contradictory to
the original report of Anderson and Calvin (1962), I have found the
ratio of the absorbances of the blue and red absorption maxima of chloro-
phyll a, as prepared by the above method, to be 1,29 in ether. The error

of the latter workers was caused by a solvent effect on the spectra.

The polystyrene particles were prepared from a polystyrene emulsion
obtained from the Borden Co., Monomer Polymer Division (Lot no. MP 600-135).
The particles were precipitated from the suspension by adding an arbitrary
amount of magnesium sulfate to a volume of the diluted emulsion, The
yellow supernatant was discarded. The particles were then washed suc=-
cessively with 0.1 N HCl in 50% w/w methanol/water, 50% methanol, 0.1 N
NaOH + 0,001 M EDTA in 50% methanol, several times with 50% methanol and
then either methanol or n-proponal, The particles were collected by
centrifugation at 10,000-15,000 x g between washes. The supernatants
were colorless. Those particles which had been given a final washing in
methanol were dried and resuspended by homogenization as needed. The
polystyrene particles which had been finally washed in propanol were
resuspended in a small volume of propanol and thoroughly dispersed., The
concentration of the polysytrene was determined by dissolving a small
aliquot of the suspension in chloroform and determining the absorbance
at 260 my with a Beckman model DU Spectrophotometer. The absorptivity
of polystyrene at 260 my was found to be 2.2 liters gmm1 cm by dissolving
a weighed amount of polystyrene (as prepared in methanol) into a volume
of chloroform. The necessary volume of the propanol suspension was then

taken for the various experiments,

The manufacturer specified the particle size of the polystyrene as
0.05 p. The particles are not of uniform size, however, but range from
0.012 to 0.13 p in radius, as determined from the electron micrograph of
the polystyrene particles shown in figure 8. The particle-size distribu—
tion is broad, as shown in figure 9. The average radius of 353 particles

in the micrograph is 0.051 u. (The sampling interval was 0.005 j.) This



Figure 8. Electron micrograph of washed Bordens polystyrene particles.
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Figure 9, Histogram of particle size distribution of polystyrene latex
particles from figure 8, The sampling interval was 0,005 p.
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presumably is the value quoted by the manufacturer as "particle size,”

The surface average particle radius is 0,070 u. The surface average

particle radius (R) is defined as (see Lloyd, 1959)

, (1)

where ni is the number of particles of radius ri + ar (2Ar is the sampl-
ing interval), The sum extends over all values of the radius ri. The
specific surface area of the polystyrene, that is, the area per unit weight

of particles, calculated from

% Ny 4'”1'12
A = = 3/FR , (2)
S 2 a wmre® p r
¢ 1 B

‘ 3 2
where jO is the density of the polystyrene (1.05 gms/cm ), is 41 m /gm,

v The zeolite particles used were Linde Molecular Sieve type 4A, powder
(Zeolite A, Na,, E(A102)12(Sioz)12] . 27H20, /9= 1.33 gm/cm; see Breck,
1964) . These particles have 4 A pores which can hold small molecules.

The pheophytin was too large to fit into these pores and was presumably
adsorbed on the external surface. Due to the negative surface charge on
the zeolite, the ANR was not adsorbed to the particles., A test showed
that even in aqueous suspension the N'—benzledihydronicotinamide was

not adsorbed to the zeolite.

The zeolite particles were prepared as follows: 100 gm of the powder
were suspended in 300 ml of 1.4 x 10"’3 M EDTA., After a few minutes, the
larger particles settled to the bottom and the remaining suspension was
poured off, The large particles were discarded. A concentrated sodium
hydroxide solution was added to the suspension to give a final concentra-
tion of 0.01 N NaOH. The suspension was left in the NaOH overnight. The
particles were then collected by centrifugation and washed several times
with distilled water and then phosphate buffer. The pH of the supernatant
from these washes stabilized at about 10, The pH of the aqueous suspension
of the zeolite was adjusted to about 7 with orthophosphoric acid. Finally,

the particles were washed once with 50% methanol/water and dried at 800

overnight,
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From microscopical observation the diameter of the zeolite

particles ranged from 3 to 10 p. The surface area of the particles

was determined by the adsorption of a double layer of cetyl pyridinium
chloride (average coverage, 27 A2 per adsorbed molecule, Greenland and
Quirk, 1963, 1964). The specific surface was about 20 mz/gm, from which
one can calculate a surface average particle radius of 0.11 u. The
large area (compared to that expected from the actual particle size) is
probably due to the complex contours of the particle surface, since the

cetyl pyridinium ions will not fit into the 4A holes,

In the preliminary experiments, two other types of particles were
used: Linde alumina abrasives types A (0.3 p particle size) and B
(0.05 p) and aluminum silicate particles (obtained from Minerals and
Chemicals Philip, Corp.,),especially types ASP 101, ASP 106, and ASP 170,
which differed somewhat in the surface treatments. These particles were
found to be unsatisfactory because of degradation of chlorophyll and
pheophytin on the particle surface, as discuscsed in the following chapter,
Dow polystyrene latexes were not used, due to difficulties in obtaining
sufficient quantities, and also to evidence of contamination of the
particle surfaces with the emulsifiers used to prevent clumping during
the polymerization process (see Vanderhoff et al.,, 1956). Other poly-

styrene particles were too large to be useful,

II. Methods:
The preparation and analysis of the coated particles and the pre=
paration of the reaction mixtures were carried out in dim green light to

minimize the possibility of photodegradation of the pheophytin,
A) Preparation of coated particles:

The particles were coated by suspending them in a solvent in which
the pheophytin was only slightly soluble or in which the pheophytin
could be made insoluble by adding another component. It was found that
adsorption to polar particles was effected most easily from nonpolar
solvents and, conversely, adsorption to nonpolar particles was easiest
from polar solvents. The surface concentration of pheophytin was varied
by varying the ratio of pﬁebphytin to the amount of particles in the

original coating suspension. Because not all the pigment in the coating



solution adsorbed to the particle surface at high surface concentrations,
the coated particles were analyzed for the relative amounts of pigment

and particle,

Two methods were used for the adsorption of pheophytin to poly=

styrené:

1, Methanol procedure: The appropriate amount of polystyrene
particles (dry) was weighed out and thoroughly homogenized in 5.8 ml
methanol in a glass homogenizer., This served to disperse the particles
in the solvent, 100 gl of a 2.5 x 10_3 M acetone solution of pheo-
phytin was added. Finally, 5.5 ml of 5 x 10 ° phosphate buffer, pH 6.6,
were added rapidly with homogenization to give a final mixture of 50%
w/w methanol/water, Addition of the buffer to the methanol drives the
pheophytin out of solution and onto the particles. The particles were
centrifuged, washed with 50% methanol/phosphate buffer, and resuspended

in a known volume of 50% methanol.

II. Propanol procedure: The appropriate amount of the n=propanol
suspension of polystyrene (see previous section) was diluted to 3.8 ml
with propanol and stirred vigorously with a motor-driven glass stirring
rod., 100 pl of a 5 x 10_3 M acetone solution of pheophytin was added.
Finally, 3.0 ml of 5 x 10-'3 M phosphate buffer, pH 6.4, was rapidly
injected from a syringe into the stirred suspension, which gave a final
concentration of 50% w/w propanol/water. Again, the phecophytin was
driven out of solution and onto the particles. (For higher surface
concentrations of pheophytin it was found that more adsorption would
occur by diluting with 6 ml instead of 3 ml of buffer.) The particles
were collected, washed, and resuspended in 50% methanol/phosphate buffer
as before., It was noted that the high-coverage particles tended to

aggregate much more readily than the low=-coverage ones.

The propanol method was tried because we observed that, at high
surface concentrations, the pheophytin tended to form aggregates in the
50% methanol upon dilution, rather than adsorbing onto the particles.
The pheophytin is more soluble in the propanol and comes out of the 50%
propanocl more slowly than out of the 50% methanol, In the 50% propanol,
the pheophytin adsorbed onto the particles and did not form separate

aggregates in the solvent. The properties of the sets of particles

18
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obtained by the two methods were slightly different (chapter III). This
was probably due to the difference in solubility of pheophytin in the

two alcohols,
The polar zeolite particles were coated as follows:

An appropriate amount of particles (dry) was suspended in 4 to 8 ml
of petroleum ether (bp. 30-600). While the suspension was stirred, 100 pl
of a 2,5 x 10_3 M acetone solution of pheophytin was added. The pheophytin
is only slightly soluble in the petroleum ether. It adsorbed immediately
to the zeolite in those suspensions with. a large amount of particles
(giving relatively low surface concentrations). At high surface concen-
trations, a limit was reached in the amount of pigment adsorbed to the
particles, Thus, a classical adsorption isotherm was observed, After
adsorption (the suspensions were stirred for about 1 minute after adding
the pheophytin), the coated particles were sedimented by centrifugation
in a clinical centrifuge and the supernatant poured off., Any remaining

solvent was allowed to evaporate in air,

I feel that more pheophytin can be adsorbed to the particles than
the maximum obtained in the procedure described above, I have observed
that the degree of adsorption is dependent on the small amount of acetone
in the petroleum ether. Though pheophytin will precipate from the petrol-
eum ether in the absence of zeolite particles at lower acetone concentra-
tions, this did not occur at the conditions of 2.5% acetone and approximately

-5
6 x 10 M pheophytin,
B) Analyses of the coated particles:

I will define the surface coverage of the particles as the fraction

of the particle surface covered with pheophytin:

Nph ap n N° ap 1
Coverage = n = AS . =31 N, ap/o R (3)
where ap is the surface area covered by one pheophytin molecule, Nph is

the number of molecules on the surface of a single particle with surface
area A, More practically, the average coverage can be calculated if we
know n, the number of moles of pheophytin per gram of particles and ASy the
specific surface area of the particles (AS = SQDR, where R is the surface

average particle radius). N, is Avogadro's number.
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We estimate a as follows: The area of the plane of ethyl chloro-
phyllide (chloroph?ll with the phytol chain replaced by an ethyl group)
is about 242 A2 as determined by X-ray crystallography (see Rabinowitch,
1945, p.448). The phytol chain could add as much as 50 to 100 A2 to this,
However, studies of pheophytin monolayers at an air/water interface
(Bellamy, Gaines, and Tweet, 1963) indicate that the surface area
occupied by pheophytin is only 80 = 1CC A2, depending on the surface
pressure. I would expect an increased attraction energy between the
phytol and the polystyrene surface as compared to that between the
phytol and the aqueous interface. Thus there might be a larger contri-
bution of the phytol to the area covered by the pheophytin on polystyrene
particles. On these considerations I have estimated the surface area
covered by one pheophytin molecule on the polystyrene to be about 100 Az.

I have used a slightly different approach with the zeolite particles, as

will be seen below,

The value of 100 A2 implies that the pigment molecules are sitting
with the plane of the chlorin ring at an angle, not lying flat on the
surfaces, The wvalidity of this assumption will be discussed when consi-
dering the experimental results., It should be noted that the coverage
values resulting from the above assumption would be as much as a factor
of 3 too small (if the area were closer to 300 A2 with the molecules flat
on the surface) or as much as a factor of 2 too large (if the area covered
was about 50 to 75 A2 with the molecular planes perpendicular to the

surface),

The specific surface of the polystyrene particles is 41 mz/gram9 as
discussed earlier, To determine the ratio of pheophytin to polystyrene,
a sample of the coated particles was dissolved in either dioxane or chloro-
form (the dioxane was found to be more satisfactory because the small
amount of water from the particle suspensions was miscible with the dioxane),
and the absorbance of the solution determined at the absorption maxima of
pheophytin (668 mu) and polystyrene (259, 262, 265, 269 mu). The absorp-
tivities of the pheophytin and polystyrene at these wavelengths (table III)
were determined with solutions of known concentration, From this data,

n was calculated,

On the basis of this analysis, the surface coverage of the poly~
styrene particles varied from 0,001 to 3.1, that is, from a value of

0.1% of the surface covered to effectively more than 3 layers of pheophytin



TABLE

I1X

ABSORPTIVITIES OF PHEOPHYTIN AND POLYSTYRENE IN DIOXANE

Wavelength

668 my
269 my
265 my,
262 my,

259 my

Pheophytin
4,98 x 104
1.37 x 104
1.28 x 104
1.25 x 104
1.23 x 104

1/m cm

Polystyrene
0
1.72 1/g cm
1,73

5
2.20
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on the surface., In the following discussions, ''0.001 PS" will refer to
those polystyrene particles coated with pheophytin at a surface coverage
of 0,001 as defined above. A similar notation will be used for other
surface coverage values.,

The zeolite particles were analyzed by extraction of the pheo~
phytin from a weighed amount of the particles. The pheophytin was ex-
tracted in a known volume of 80% acetone. (Absolute acetone does not
extract the pigment from the particles completely.,) The amount of pheo-
phytin was estimated from the absorbance at 665 my. This was then used to
calculate the ratio of pheophytin to zeolite, On the basis of the wvalue
of 20 mz/gm for the specific surface of the zeolite, determined from
the cetyl pyridinium chloride adsorption, the maximum coverage reached
on the zeolite was 0.25, according to equation 3. However, the cetyl
pyridinium chloride is a smaller molecule (surface coverage 54 A2 per
molecule; Greenland and Quirk, 1963) than the pheophytin. Because of
irregularities, more of the surface may be available to the pyridinium
ring than to the pheophytin. For this reason, I have chosen the highest
coverage obtained as the 1,0 coverage zeolite (1,0 Z), and I have nor-

malized all the remaining coverage values to this,
C) Photochemical studies:

All reactions were done with the reducing agent and the ANR (or
other dye) in solution, For the reactions with the pheophytin in solution,
90% w/w methanol/water was the solvent, This solvent was chosen because
meaningful pH measurements could be made (see below). The reactions with
the coated zeolite particles were done in aqueous solutions. The photo=-
reactions with the coated polystyrene particles were done in 50% w/w methanol/
water, This solvent was used in preference to pure water because of the
hydrophobic properties of the polystyrene. For example, when an aqueous
suspension of polystyrene particles was bubbled with argon, the particles
tended to collect at the surface. The polystyrene dispersed well in the
50% methanol, however., A small amount of pheophytin was extracted from
the higher coverage polystyrene particles by the 50% methanol., About
0.25% of the pigment was extracted from the 0,72 PS particles and about
1% from the 3,1 PS particles. Only in the latter case could this extracted

pigment be significant for the photochemistry (see chapter I1II).



1 tested for loss of pheophytin from the polystyrene by suspending
the particles in the solvent, centrifuging at 15,000 g, and extracting
the supernatant with ether, Presence of pheophytin was tested for by
visual observation of any red fluorescence in ultraviolet light., For
comparison, the pheophytin was extracted from the sedimented polystyrene
particles with a volume of ether equal to that used to extract the
supernatant, The fluorescence intensity of the supernatant extract was
compared with that of serial dilutions of the particle extract to obtain
an estimate of what proportion of the pigment had been extracted by the
50% methanol, The sensitivity of the method was such that 0.1% of the
pheophytin on the particles could have been detected if it had been
extracted. The 50% methanol supernatants had no detectable fluorescence
even when the ether extracts did. It should also be noted that the values
for the amount of pheophytin extracted would be too high if séme of the
small polystyrene particles were not completely removed by the centri-

 fugation.

Most of the reactions were performed at about pH 7 in each solvent,
though a few experiments were done to test the effect of variation in pH,
The pH measurements were made with a Beckman no. 39183 Combination pH
electrode and a Beckman model G pH Meter. Beckman buffers were used to
standardize the electrode for the aqueous determinations. A 0.01 M
succinate buffer was used to standardize the electrode in 90% methanol
(de Ligny et al., 1960). A 0.l M succinate buffer of pH about 4.3 was
prepared from succinic acid and sodium hydroxide in distilled water, and
its pH was determined vs. Beckman pH 4 standard buffer., This was then
diluted to 90% w/w methanol. The pH of this solution, which was used as

the standard in 90% methanol, was assumed to be equal to

- 4,12
6.73 + (pH,, )

9

where pHaq is the pH of the 0.1 M aqueous solution and 6.73 and 4.12 are
the pH values of equimolar solutions containing 0,01 M succinic acid and
0.01 M lithium hydrogen succinate in 90% methanol and in pure water,
respectively (de Lingy et al.,, 1960), It was assumed that there would
be no significant difference between lithium and sodium as cation for
our purposes, The linear correction was used because the Henderson-

Hasselbach equation,

Salt

H = pK ——
p e, * log Acid !

22

(4)



23

was assumed to hold in both water and 90% methanol, FSince the liquid
junction potential between water and 50% methanol is small, the aqueous
buffers were also used to standardize the electrode for routine deter-
minations in 50% methanol, This introduced an error of about 0,1 pH
unit (de Ligny and Rehbach, 1960). For titrations in 50% methanol the
electrode was standardized using a succinate buffer prepared in a manner

similar to that for the 90% methanol standard.

The following pK's were determined: Ascorbic acid in 90% methanol
at 30o and 0.1 ionic strength: pK
with KC1 at 30°: pK

g = 6,72 + 0.05; in 90% methanol saturated

| = 6.50 + 0,05; in 50% methanol at 30° and 0.1 ionic
strength: pK1 = 4,95 + 0,05, (These values may be compared with the
value of pK1 = 4,21 at 30° and 0.1 ionic strength in water; Kortim et al,,

1961, p. 510.)

Orthophosphoric acid in 50% methanol at 27.50, about 0,12 ionic

strength: pK_ = 7,95 . 0.1,

2
Phosphate was used as buffer in the reactions done in water and in
50% methanol, Succinate or ascorbic acid was used to buffer the solutions

in 90% methanol.

Since the dye reduction iz inhibited by oxygen (due to the sensitized
autoxidation of the reducing agent, at least in part), the reaction mix-
tures were bubbled for 10 to 20 minutes with argon (Matheson, containing
1-4 ppm oxygen according to the manufacturer). The argon was passed
through a gas-washing apparatus to equilibrate it with the solvent used
for the reaction. It was then fed into the reaction cell through a
length of thin teflon tudﬁng. The teflon was permeable to oxygen, how-=
ever, and sufficient oxygen diffused into the argon to inhibit the reaction
to a small extent, The reactions with N'-benzyl-dihydronicotinamide as
reductant seemed to be much more sensitive to oxygen than were those with
ascorbic acid. A coaxial tube was built, with argon flowing through both
the outer and inner tubes, Only the inner tube led into the reaction mix-

ture. In this way, oxygen was effectively eliminated from the reaction.

Ascorbic acid solutions were adjusted to the desired pH by adding a
solution of sodium hydroxide. Since ascorbic acid is rapidly oxidized
by oxygen under basic conditions, these solutions were thoroughly deoxy-

genated with argon before mixing, If any yellowness was observed in the
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final solution (characteristic of the oxidized ascorbate), the solution
was discarded. Although the dihydronicotinamides are not easgily autoxi-

dized, their solutions were bubbled with argon during their preparation,

The photoreaction was performed by illuminating the reaction mixture
with a beam of red light, absorbed only by the pheophytin, The light
sensitized the reduction of the ANR. This particular azo dye was chosen
because, among other reasons, its absorption maximum fell at a wavelength
(525 mu) in between the absorption maxima of pheophytin (see figure 7).
Since the dye is bleached upon reduction, it was thus possible to follow
the reaction photometrically during the period of illumination, A
monitoring light beam at 525 my passed through the solution or suspension
and was detected with a phototube., Changes in the current of the photo-
tube reflected the changes in the ANR concentration in the solution,
Because the absorbance of pheophytin is relatively low at 525 my, the
monitoring beam did not sensitize the photoreduction. Moreover, the
ANR was not directly photoreduced by the monitoring light. (Direct

photoreduction did occur when other dyes were studied, see chapter III).

A diagram of the experimental apparatus is shown in figure 10. The
actinic (photochemical) light source was a 1000 watt slide projector (P).
The power supply (PS) for the projector consisted of a 2 KVA Sola voltage
regulating transformer and a Powerstat (1.6 KVA) which was used to vary
the lamp voltage., The light was filtered through 20 cm of water or water/
methanol (W) to remove infra-red and reduce heating in the reaction mixture,
Colored glass filters (F), such as Corning 2-59 and, in some reactions,

a Bausch and Lomb (B & L) interference filter, were used to obtain light
of the desired wavelength distribution., The light intensity was varied
in known steps by inserting either neutral density interference filters
or calibrated screens in the light beam, Illumination of the reaction

cell (C) was controlled with a shutter (S).

The monitoring beam passed through the reaction cell at right angles
to the actinic beam, The monitoring lamp (M) (G.E. 1493 or G.E. 1615)
was powered (MS) by a microscope lamp transformer in combination with
the Sola transformer or by a Harrison model 809A Regulated DC Power Supply.
The 1615 lamp powered by the Harrison supply was the most satisfactory
arrangement in terms of available intensity and low noise level, The

monitoring beam passed through two sets of blocking and interference
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Figure 10, Diagram of experimental apparatus. See text and figures 1l and 12
for details,
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filters (F) before (Corning 3=70 and 4-96, B & L 525 my interference) and
after (Corning 4-72, B & L 522 my interference ) the reaction cell,

These served to isolate the light at about 525 my and to prevent the
scattered actinic light from reaching the phototube (PT)., The monitor=
ing beam was detected with an RCA 926 vacuum phototube (S=3 response) or
an RCA 5582 gas phototube (S=4 response), at a potential of 90 V supplied
by batteries (PTS). The current from the phototube was determined with

a Kiethly model 414 Micro-microammeter (A) and a Varian model G-10
recorder (R). A bucking circuit (B) (circuit diagram shown in figure 11),
was used to increase the sensitivity by suppressing the major portion of
the photocurrent, Between the ammeter and the recorder was a circuit

(D in figure 10, see also figure 12) which was designed to filter out
transients, to reduce the output voltage of the ammeter to match the
recorder input limits, and to provide a small spike on the recorder chart
when the shutter was opened or closed. A microswitch (S2) was attached

to the cable release of the shutter,

The light intensity at the location of the reactiom cuvette was
measured periodically with a small selenium photocell (Edmund Scientific,
no, 30,411)., The current from the photocell was determined with the
Micro-microammeter, The cell was calibrated approximately by comparing

its readings with those of a calibrated Epply thermopile.

I have used the quantum yield of ANR reduction as a measure of the
photoreactivity of a given pheophytin preparation. The quantum yield,
defined as the number of molecules of dye reduced per quantum of light
absorbed, is also equal to the ratio of the rate of dye reduction to the

rate of light absorption,

The initial experiments in solution were followed with the 926
vacuum phototube, Uéing neutral density interference filters, I deter-
mined that the photocurrent was linear with respect to the intensity of
the monitoring beam incident on the tube., The reaction cells were square
cuvettes and Beer's law was used to calculate the rate of the reaction from

the change in photocurrent for the first 30 to 60 seconds:

Since i = K I, where i is the photocurrent and I iz the light
intensity reaching the phototube, and since the concentration of ANR in

the solution is given by C = 1/(g d) log (I /I), where & is the molar
(0]



A

VVVVVVVVVVVV

to from
ammeter [ 6x10°Q photo tube
2x10°Q
10%9
I0O0K
10'°Q
Figure 11, Current bucking circuit (B in figure 10).
45 20
. Ofg5 120K )
to 2 1 : . == I00uF from
SN— <
recorder f‘ _”"_ $2.5K ammeter

|
D
n
<
AAAAAAA
VAAA ALY
n
(e}
X
AAAAAAA
VWWWVVVV
N
(@]
X

Figure 12. Filter, voltage divider and marking circuit (D in figure 10),
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absorptivity of the ANR, d is the path length through the solution and

Io is the light intensity with no dye in the solution, the rate of the

photoreaction,
C =C
t2 t1 v
R = VvV o= (log ¥ /1 - log 1 /1 ),
ty tl £ dat o t2 o tl

Substituting i/K for I, and noting that I is constant with time, we
o
obtain

v
Roe — log (itl/ i) (5)

€ d At 2

t. = t_ is t ti
2 1 is the time

over which the change in current is measured. If the actinic light

where V is the volume of the solution, and At =

intensity and the pheophytin concentration are kept constant during a
series of experiments, the rate of light absorption will be constant and
the ratio of the rates R will be a measure of the relative quantum yields.
This procedure of determining relative yields avoids the difficulties
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