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ABSTRACT

ESR spectroscopy of chlorophyll-quinone mixtures in
degassed alcohol solutions shows only the formation of seml~
quinone anion radical on illumination. Other porphyrins,
both chelated and non-chelatéd, and hydroquinone can serve
in the above reaction as well., No ESR signal due to chloro-
phyll is observed, Similarly, an optlcal spectrum of the
i1lluminated system shows only the semiquinone absorbance
band, Decay of the signals is secbnd order.,

Optical changes due to chlorophyll can be elicited
by lowering the temperature of the alcohol to a point of
high viscosity. For these optical changes, hydroquinone
cannot substitute for quinone,

Similar results are achieved by usling a degassed
viscous mixture of the alcohols: cyclohexanol, tert-butanol,
and ethanol (CBE). Difference spectra show bleaching of the
chlorophyll bands and increased absorbance in the intermedi-
ate region (460-580 nm), Decay kinetics are first order,
while the rise is complicated (possibly biphasic). ESR sig-
nals have no hyperfine structure and also decay by first
order kinetics, at a faster rate than optical changes. The
ESR signal reaches a steady state more rapidly than optical
signals, without biphasic kinetics. From these effects, we

xv
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postulate that two speclies are generated, one paramagnetic,
and one not,

Aclildity increases the amount of bleaching in CBE,
basiclity decreases 1t and strong basiclity causes bleaching
to completely disappear with only the semiquinone anion
being observed. Activatlon energles for chlorophyll a and
benzoquinone in CBE are 1l0-1l4 kecal/mole, Lower potential
quinones give lower activatlion energles., The rate constant
for quenching the triplet state of chlorophyll a by ﬁ?-caro-
tene in CBE 2 7.5 + 0.5 x 108 (M sec)'l. The bimolecular
rate constant for formation of the photoproduct with benzo-
quinone was calculated to be 2 7 x 108 (M sec)'l.

Redox potential of the quinone affects both the
magnitude of chlorophyll absorbance changes and rate of
decay. The higher the potential, the larger the changes
and slower the decay. The log of Aabsorbance versus redox
potential of quinone plots as a straiéht line. From such
plots, we have calculated photopotentials ( +0.29 v (NHE)
for chlorophyll a). Other porphyrin systems show similar
effects only if they are chelated with a group II metal,
like mMg2t,

Flash photolysis of chlorophyll a alone in CBE
glves a difference spectrum similar to those obtained by
steady illumination of chlorophyll a -~ quinone mixtures in

CBE. Decay kinetics in CBE and dimethylsulfoxide are faster
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at the Soret band than at 460-580 nm and red band regions.,
This difference 1s not obtained in less viscous solvents
(CHClB, CCly, tert-butanol, ethanol), implying that two or
more.species are observed in CBE and DMSO, Also, decay
rates follow no simple kinetic order.,

ﬁ-carotene in CBE quenches bleaching at 430 and
660 nm but not absorbance at 470 nm. So bleaching must bé
primarily due to triplet formatlion while the 470 nm absor-
bance is due to a product of the triplet state., This effect
is not observed in ethanol,

Adding quinone results in slowly=decaying species
being generated by the flash. Three components can be dis-
tinguished: the first (t;@fv 0.2 msec) corresponds to the
triplet state; the second (tna= 5=10 msec) is quinone con-
centration and species independent; the third (t)@= several
seconds) 1s dependent on quinone concentration and specles
(rate is faster for higher concentrations and lower potential
quinones). The ESR decay is approximately equal to the
third combonent flash decay when chlorophyll concentration
equals quinone, With excess quinone, the flash decay be=-
comes faster, aend the ESR decreases slightly. None of these
slow~decaying speclies are produced when quihone is added'to
chlorophyll a in ethanol or tert-butanol, or pheophytin in
CBE.,
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Mechanisms to account for all of these phenomena
are put forward, which involve several speclies of
chlorophyll-quinone complexes, free radicals and solvent

interactions,. \



CHAPTER 1
INTRODUCTION

The process of photosynthesis begins with the
absorption of a quantum of light by plant plgments. Chlor-
ophyll is the main photosynthetic pigment. 1In green plant
photosynthesis an overall oxidation-reduction takes place:
hydrogen derived ultimately from water is utilized for the
reduction of 002 to cafbohydrates and water is oxidized to
molecular oxygen. Silnce chlorophyll 1s a component in the
chain of steps resulting in hydrogen transfer from Hy0 to
COp, it would be reasonable to investigate the possible
photochemical oxidation or reduction of this pigment., In-
deed, studles of isolated chlorophyll in suitable media and
with electron acceptors and donors do show evidence of re-
versible oxidatlon-reduction (Seely 1966).

| The purpose of this dissertation is to report on
investigations using isolated chlorophyll and chlorophyll
analogs in one electron photo-oxidation and reduction reac-
tions with quinones and hydroguinones. It was hoped that a
study of the intermediate states in these reactions might
provide insight into the functioning of chlorophyll as an
absorber and transducer of light energy in living photo-

synthetlc systens,
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structures and Properties of Chlorophyll and Chlorophyll
Analogs

Chlorophyll is the green dihydroporphyrin (chlorin)
pigment found ubiquitously in green plants and algae. The
tetfapyrrolic nitrogens of the chlorophyll molecule are chee
lated to a central magnesium atom (Willstdtter and Stoll
1913)., However the nitrogen;magnesium bonds are more near-
ly ionlc than covalent (Seely 1966) and therefore the metal
ion is quite easily lost to the solvent under mild acidic
conditions. Four types of chlorophyll, designated a, b, c
and 4, have been isolated from green plants and algae (Holt
1965)., Chlorophyll a2 and b are found in all the higher
plants, usuvally in a ratio of about 3 to 1. The only dif-
ference between these two compounds is that whereas
chlorophyll & has a methyl group at position 3 (see struc-
ture, Fig. 1), chlorophyll b has a formyl group- The
electron attracting property of the formyl group on the
pyrrolenine ring (II) gives the visible spectrum of chloro-
rhyll b a hypsochromic shift (Seely 1966). The visible
spectrum of chlorophyll a is shown in Figs, Z'and 3; that
of chlorophyll b is shown in Fig. 4, Chlorophyll d is also
dissimllar to chlorophyll a only in one sidechain; a formyl
group replaces the vinyl group at position 2 (Holt and More
ley 1959). Chlorophyll d 1s found in red algae along with
chlorophyll a (Holt 1965),.
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Flgure 1. Chlorophylls a and b
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The phytol tall whlch 1is esterified onto the
7=propionic aclid side chain makes up about one-third of the
weight of these chlorophylls (WillstZtter and Stoll 1913).
It is responsible for the surface activity of chlorophyll
and the extreme difficulty of lts forming crystals. It is
thought that the assocliation of chlorophyll with lipopro=-
tein in the chloroplast is through the phytol tail (Seely’
1966). |

There are three asymmetric carbons: 7, 8 and 10,
However carbon atom 10 does not function as a center of
asymmetry due to the ease in which the carbonyl group in
position 9 is enolized (Rothemund 1949). Chlorophylls a'
and b', which are identified by thelr bands on a chromato-~
grapvhy column at slightly different positions than those of
the natural plgments, are thought to be C=10 epimers,

Chlorophyll ¢ is a widely distributed chlorophyll
Pilgment found together with chlorophyll a among marine al-
gae (d;atoms, dinoflagellates and all brown algae) (Strain
and Svec 1966), It is found as a one=~to-one mixture of two ‘
forms which vary only in the side chain at position 4 (sece
structure Fig. 5) (Dougherty et al. 1966).

While chlorophyll a is the major phbtos&nthetic
pigment among green plants and algae, bacteriochlorophyll,
a tetrahydroporphyrin, plays thls role among the photosyn-

thetic bacteria (see structure Fig. 6 and visible spectrum



Other form
is:s

—CH,CH,

Figure 5. Chlorophyll ¢
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Figs. 7 and 8)., In many of these organisms, except for the

carotenoids, it 1is the only photosynthetic pigment present.

Green sulfur bacterlia such as Chlorobium and Chloropseudo-

monas contaln a dihydroporphyrin photosynthetic pigment
called chloroblum chlorophyll., Unlike chlorophyll a or b,
chlorobium chlorophyll does not represent a unique compound.
Side chains at positions 4 and 5 (Fig. 9) can have a few
different alkyl substituents and the § -bridge carbon can
have either a hydrogen, methyl or efhyl group attached.
Those chlorobium chlorophylls which have hydrogen attached
to the § -bridge carbon have their red band absorbing at
650 nm, while those with methyl or ethyl absorb at 660 nm
(Holt et al. 1963, Hughes and Holt 1962).

Finally, we should indicate the structure and vise
ible spectra of a few porphyrin and porphyrin-like pigments
which were also used in the experiments to be described be-
low as analogs of chlorophyll: protopérphyrin IX (structure
Fig. 10), hematoporphyrin IX (structure Fig, 11, visible
spectrum Fig. 12), zinc-hematoporphyrin IX (visible spectrum
Fig. 13), zinc-phthalocyanine (structure Fig. 14, visible
spectrum Fig. 15), and the visible spectra of pheophytin a,
zinc~pheophytin a and cadmium-pheophytin a and b in eqﬁilib—
rium with pheophytin (Figs. 16, 17 and 18).
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Figure 6. Bacteriochlorophyll
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Protoporphyrin IX
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Hematoporphyrin IX

' Figure 11,
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Plgure 14. Zinc-phthalocyanine
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Role of Chlorophyll in Green Plant Photosynthesils

The bpulk of the chlorophyll in the chloroplast
serves to harvest light quanta (Emerson and Arnold 1932,
Gaffron and Wohl 1936, Clayton 1968), converting them to
electronic excitation energy. Because of the close prox-
imity of the chlorophyll molecules in the chloroplast
(Thomas, Minnaert and Elberts 1956). this excitation energy
can migrate from chlorophyll to chlorophyll. Three possible
mechanisms for migration of excitation energy among these
molecules are summarized as follows:
(1) Resonance transfer (Clayton 1966),.
(2) As an "exciton" (via an interaction between the transi-
tion dipole on one molecule and an induced dipole on its
neighbor),
(3) As positive holes and electrons moving independently of
each other (Calvin and Sogo 1957). In this case one visu-
alizes the chlorophyll molecules making up a semiconductor
with the overlap of the excited states forming a "conduction
band" where charge carriers may move freely (Lavorel 1966,
pp. 155-160).

Ultimately a chlorophyll molecule in a special en-
vironment is excited (Kok 1956, 1961), This chlorophyll is
believed to be in close proximity to an electron acceptor

(Clayton 1967)., The reduction of the electron acceptor by
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the excited chlorophyll begins an electron transfer process
which ultimately ends in the reduction of pyridine nucleo-
tide (Vernon and Ke 1966) and the formation of ATP, Reduced
pyridine nucleotide and ATP are then utlilized in the dark
reactions which fix CO, to form carbohydrate material (Ar-
non 1968).

In the scheme of greeh plant photosjnthesis which
1s accepted by most workers in the field, the excitation of
two separate chlorophyll systems are involved (Avron 1969).
These two systems, called system I and syétem II, are cou-
pled together by an electron transport system consisting
primarily of membrane-~bound components having electron car-
riers similar to those of the mitochondrial respiration
system, Light absorbed by the system II chlorophyll raises
an electron from the potential of water at +0.8 volt to
around 0,0 volt., The electron then flows through the elec-
tron transport system to system I at +0.4 volt. The
production of ATP 1is coupled to this flow, ILight absorbed
by system I chlorophyll lifts the electron from the poten-
tial of cytochrome f at +0.,4 volt to that of ferredoxin at
-0.,4 volt (A stronger reductant, "X", of about «0,6 volt is
thought to be produced first (Zweig and Avron 1965; Kok,
Rurainski and Owens 1965; Black 1966).). Then, via reduced
pyridine nucleotide, the electron enters the carbon reduce

tion cycle,
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Electronic Excited States of Chlorophyll

Light absorbed in the vislible region of the electro-
magnetic spectrum by chlorophyll, and porphyrins in general,
is assocliated with 1Y -electronic transitions to singlet
exclted states. The low energy (visible and near UV region)
of these TT-.1{}transitions is a consequence of the exten-
sive delocalization of the AV -electrons in the ring
system (Falk 1964), These TW-electrons are displaced in
the plane of the ring (Goedheer 1966) toward the periphery
on excltation., The source of the 1IV-electrons are differ-
ent fcr the two maln bands of chlorophyll. The Soret band
1s ldentified as a TT—»TT*transition of electrons located
on the carbon atoms of the pyrrole which move toward the
reriphery of the ring. The red band is a ¢T->4f%transition

in which the electrons flow from pyrrole nitrogens to peri-
pheral carbon atoms (Maggiora and Ingraham 1967). The
satellite bands which are found adjacent to both mailn bands
at shorter wavelengths result from different processes. In
the case of the Soret band, these are probably due to transi-
tions +to higher energy vibrational sublevels, In the case
of the lowest energy transition, these bands are generated
by electronic excitations occurring parallel and perpendic-
ular to the long axis of the chlorophyll molecule (i.c.s
the axis which traverses the nitrogen atoms of ring II and

IV, See Fig. l.) (Clayton 1965).
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In dilute solutions of chlorophyll, the lowest sin-
glet'excited state can decay via emlisslon of a light
quantum (fluorescence), by intersystem crossing to the meta-
stable triplet state or by dissipation as heat or chemical
interaction with the surrounding medium. In polar solvents,
the first two are the only important mechanisms. It has
been shown that the sum of the quantum ylelds for fluores-
cence and triplet formation nearly approaches unity (Bowers
and Porter 1967).

Only fluorescence corresponding to the lowest elec-
tronic singlet state of chlorophyll (i.e., the red band) is
obtained in solutions of chlorophyll. The guantum efficien-~
oy and spectral distribution of fluorescence are independent
of whether the light one uses to exclte the chlorophyll is
red or blue., This does not hold for wavelengths on the low
energy side of the red band (Goedheer 1966). A non-
radiative transition transfers excitation energy from the
higher singlet states (Soret band) to the lower electronic
state (red band) (Livingston 1960).

The quantum yield of fluorescence and triplet for-
mation of chlorophyll a in a polar solvent (ether) are 0.32
and 0,64 respectively. The quantum yields for chlorophyll
b show a lower yleld for fluorescence and a correspondingly

higher yield for triplet formatlion: 0.12 and 0.88
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respectively (Bowers and Porter 1967). The fluorescence
lifetimé is of the order of 10™2 sec.(Brody and Rabinowitch
1957, Butler and Norris 1963).

The spectral technigque of flash photolysis is re-
quired to observe the triplet absorption spectrum of
chlorophyll, since the decay time (in ether) is only about
500 }4sec (Bowers and Porter 1967). Oxygen must be rigor-
ously eliminated from the solvent because of its efficient
quenching of the triplet state. The absorption spectrunm
thus obtained shows a broad band with a maximum at about
L60 nm and a weaker band at about 520 nm and gradually
tails off into the red (Linschitz and Sarkanen 1958).

Since the triplet state is a paramagnetic state,
one would expect to see electron spin resonance signals as-
sociated with its formation. Rikhireva et al. (1964)
observed two ESR signals on 1lluminating frozen alcohol
solutions of chlorophyll a. They associated the triplet
state of chlorophyll with a signal at about 1500 gauss and
- & radical state with a signal in the 3000 gauss range.
Lhoste (1968) obtained ESR signals in the above regions
from the illumination of chlorophyll b in degassed ethanol
at B0%K. The strong single line at about 1650 gauss and
the smaller one at 3300 gauss was ldentifled with the

Am = +2 triplet sublevel transition. The complex spectrum



28

from about 2900 to 3600 gauss was identified as an aniso-
tropic Am = +1 magnetic dipole transition.

The triplet state of‘ chlorophyll 1s not observed in
green plants under normal conditions. Only when the bulk
of the chlorophyll is decreased to about 1% of its original
amount is the triplet state oﬁserved (Witt, Miller and
Rumberg 1963).
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The Photo-oxidatlon and Photo-reduction of Chlorophyll
. as a Model of Photosynthetlc Activity

In the utilization of exclted state energy in the
chléroplast, an electron from excited chlorophyll is
thought to be fully removed and transferred to another mol-
ecule, starting a chain of oxidation-reductlon steps. The
oxidized chlorophyll, a free'radical, decays by receiving
electrons from the oxygen evolution system (system II).

The rapidly decaying ESR signal obtained when chloroplast
material is 1lluminated in an ESR cavity 1s thought to be
due to tﬁls oxidized chlorophyll free radical, called
“P700" or the system I photo-reaction center (Vernon, Ke
and Shaw 1967; Vernon, Shaw and Ke 1966)., Many model sys=
tems have been investigated with chlorophyll in the
presence of electron acceptors or donors or with both elec-
tron acceptors and donors present. These systems have
demonstrated that one-electron transfer reactions occur
mediated by light-excited chlorophyll. Depending on sever-
al factors, an electron can be transferred to or from the

chlorophyll molecule upon light excitation.

Chlorophyll Photo-reduction
Ascorbic acid in degassed pyridine (with a small
amount of water) was shown to photoreduce chlorophyll in

the well-known "Krasnovskil reaction" (Krasnovskii 1948).
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Here, two one-electron reduction steps occur, the first of
which forming a fast decaying reduced chlorophyll free rad-
ical, ChlH* (Livingston and Pugh 1960, Livingston and
McCartin 1963, Zieger and Witt 1961), and the second form-
ing the more stable dihydrochlorophyll, ChlH,, the "red
product"” with absorption maximum at 525 nm. These two re-
actions occur only in basic hedia and with a limited number
of electron donors of sufficient reducing potential,

The reductant, hydroquinone, in either neutral etha-
nol or basic pyridine-water mixtures has been shown to
undergo a one-~eclectron oxidation sensitized by the chloro-
phyll triplet state (Banerjee and Tollin 1966, White and '
Tollin 1967, Cho and Tollin 1968, Mukherjee, Cho and Tollin
1969)., No Cthz is formed, however, possibly due to a fast
recomblnation between chlorophyll radical and quinone rad-
ical (Banerjee aﬁd Tollin 1966) or to quick oxidation of
the dihydrochlorophyll b& quinone produced from dispropor-
tionation of the semiquinone radical. In support of this
latter suggestion, the Krasnovskii red intermediate is not
produced in the presence of quinone (Krasnovskii and Gav-
rilova 1951).

Quinlan and Fujimori (1967) measured the change in
PH on 1lluminating a degassed solution of chlorophyll and
hydroquinone in methanol., They obtained a decrease in pH

on illumination (from about 8.40 to 8.33). This pH change
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was completely reversible, From this they postulated that
protons were being ejected into the surrounding medium dur-
ing a light-~induced one-electron transfer between
chlorophyll and hydroquinone., Simpson, Freeman and Reucroft
(1970) measured the photovoltage of illuminated chlorophyll-
hydroquinone solutions in ethanol at different pH's. They
obtained positive photovoltages above pH 7 and negative
photovoltages at pH 7 and below., The mechanism for this

according to them involves proton ejection by chlorophyll.
| In the acld solution, the proton is the electrode-active
species while in the basic solution, the proton is not
mobile so that the negative lions (Ch1H7 and Q7) are those

which become the electrode-active speciles.,

Chlorophyll Photo-oxidation

Porret and Rabinowitch (1937) first observed that
chlorophyll solutions in methanol, purged of oxygen, under-
went a reversible bleaching of about one percent upon
illumination with red light. The bleaching was found to
decay with second order kinetics and to have a decay time
anywhere from one to 100 seconds, depending on impurities
in the solvent (Livingston 1941).

Adding a small amount of formic acid increases the

steady-state bleaching from one percent to as much as 10

to 30 percent. Alsoc, 10'4M oxallc aclid gives a threefold
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enhancement of the steady-state bleaching, a tenfold in-
crease in the halflife and changes the kilnetic order of the
back reaction from second to first order (McBrady and Living-
ston 1948),.

Other additives such as methyl red and lodine have
an enhancement effect on bleaching. Iodine has a particu-
larly strong effect, increasing the steady-state bleaching
from 0.2 to 264, the halflife from 0.5 to 20 sec and chang-
ing the back reaction from second to first order (Rabino-
witch 1956).

An oxygen concentration as'low as 10-6M suppresses
the bleaching completely, suggesting triplet state involve-
ment., Likewise ferrous chloride also inhibits the bleaching
of chlorophyll. However i1f an equimolar amount of ferric
and ferrous chloride 1is added to the methanol, no inhibition
of the bleaching 1s experienced. Thls led Rabinowlitch to
propose that the chlorophyll was undergoing photo-oxidation
with either the solvent or a solvent impurity (Rabinowitch
1945).

Livingston and Ryan (1953), using chlorophyll illu-
minated in degassed methanol, roughly measured the spectrunm
of the bleached chlorophyll. They estimated the absorption
coefficients of the photoproduct by assuming that its coef-
flcient was zero at the wavelength where bleaching was

maximum., This assumption turhs out not to be true, so that
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each value must be corrected by a small constant amount,

Stockman (1961) investigated the bleaching of chlor-
ophyll in solvents of different viscosity (from ethyl
acetate to castor o0il) and found that the magnitude of
bleaching and the rate of the back reaction were indepen-
dent of viscosity. Further, in castor oil, no temperature
coefficient was found over a 54 degree (centigrade) range.
| Linschitz and Rennert (1952) illuminated oxygen-
free chlorophyll solutlions in ether-isopentane-ethanol (EPA)
(8:3:5) at -190°C. Bleaching occurred in the Soret and red
band reglons and absorption increased in the intermediate
region (480-590 nm) and the far red (700~740 nm), An en-
hancement of bleaching took place on adding 10=2 to 1073M
quinone or imine. In the presence of qulnone, the bleached
state was stable in the dark until the solvent was melted.
Evstigneev, Gavrilova and Krasnovskil (1950) found, however,
that quinone caused no steady-state photobleaching of
chlorophyll in ethanol at room temperature. '

Tollin and Green (1962) examined illuminated solu-~
tions of chlorophyll in degassed EPA in the presence of
quinone at low temperatures by ESR spectroscopy. At -45°C
they obtalned an ESR signal due to the semiquinone free
radical. No signal derived from chlorophyll itself was
produced. The maxlimum size of the five~line signal for

benzosemiquinone occurred between -80%and —100°C. At -120°C
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Athey obtained a mixture of two signals, the five-~line semil-
quinone signal and a broad signal. The ratio of the broad
signal to the semiquinone signal increased on decreasing
~temperature., Below -130°C only the broad signal was ob-
tained. Signals in ethanol behaved the same way, except
that the broad signal was detected at a higher temperature
(-95°C). The authors interpreted this latter signal as
evidence for a chlorophyll-quinone radical complex. The
photochemistry occurring in these systems is completely
reversible in the dark, the decay of the semiquinone radi-
cal resulting from disproportionation (Mukherjee, Cho and
Tollin 1969). Radical formation has been shown to involve
the chlorophyll triplet state (White and Tollin 1967),.

The present dissertation represents an extension of
the optical and ESR investigations of the chlorophyll-
quinone and chlorophyll-hydroquinone systems in alcoholic
solutions. The main gozal of this work was to obtain fur-
ther information which would help to clarify the way in
which chlorophyll participates in these photoredox reactions.



CHAPTER 2
CHEMICAL PREPARATIONS AND INSTRUMENTATION

Chlorophyll a was lsolated six tlimes during the
course of these experiments. In all cases spinach wasvthe
source of the chlorophyll. On one occasion, 1t was ob-
tained from a package of frozen spinach (Bird's Eye), but
all other times it was obtalned fresh from a local produce

wholesaler,

Chemical Preparations

Extraction of Chlorophyll a
The method of extractlion used was that of Strain
and Svec (1966). with the following minor variations:

l. The principal petroleum ether pigment extract was
washed with aqueous methanol about fen times to remove as
much xanthophyll as possible. Afterwards, it was swirled
very gently with saline water three times to remove metha-
nol.

2, To prevent precipitation of the pigments from the
petroleum ether, a little reagent grade acetone was added
instead of diethyl ether,

3. Two powdered sugar chromatographic separations were

performed to purifyy the pigment. The first was to eliminate
35
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the remaining carotenoids and the second to separate the
chlorophylls. The chromatography column, measuring 4.5 cm
in diameter and having a height of about 50 cm, was packed
with approximately 1-1/2 lbs of C & H confectioners sugar,
The sugar, obtained from a freshly opened box, was sifted
and used without any further treatment.

4, Chlorophyll was removed from the column by scooping
out sections containing the bands and extracting the pig-
ment with diethyl ether., The diethyl ether solution was
washed wilth water to remove sugar and evaporated to dryness
using a water aspirator. The dry chlorophyll was stored in
a glass stoppered bottle under a nitrogen atmosphere and
kept in a freezer,

Metal Chelates of Pheophytin, Hematoporphyrin and Phthalo-
cyanine

Zinc-pheophytin, cadmium-pheophytin, zinc-
hematoporphyrin and zinc-phthalocyanine were prepared by
heating zine or cadmlum acetate with pheophytin, hemato-
porphyrin or phthalocyanine in various solvents such as
acetone, pyridine or acetic acid. All of these metal
chelates were purified by paper chromatography. Cadmium=-
rheophytin gave a chlorophyll-llke spectrum in diethyl
ether but when dissolved in alcohollic solvents, it equili-
brated to a mixture of about 30% cadmium-pheophytin and
70% pheophytin. Phthalocyanine was found to be very
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insoluble in almost all solvents. However zinc-
phthalocyanine .was readily soluble in alcohol, giving an
azure colored solution. Mercury, cobalt and nickel che-

lates of pheophytin were also prepared in the same way,

Extraction of Bacterlochlorophyll

Rhodospirillum rubrum cells were collected by cen=-
trifugation and bacteriochlorophyll was extracted with a
methanol=diethyl ether-petroleum ether solution as outlined
by Strain and Svec (1966), Separation from carotenoids was
accomplished by paper chromatography usihg petroleumn ether

contalning 0.5% n-propanol as solvent.

Reagents
The following reagents are those used in this
dissertation. Thelr source and purification, if any, are

listed below:

Porphyrins:
Pheophytin a& + b (puriss.), Fluka AG, Buchs SG #77420,
Protopecrphyrin IX (C grade), Cal Biochem #5395,
Hematoporphyrin-2HC1l, Cal Biochem #3731, chromatographed.

Hematoporphyrin, free base, Nutritional Biochemicals Corp.
#4482, chromatographed.

. Phthalocyanine, Eastman #9495,
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Quinones: )
p-Benzoquinone (pract.), Eastman P220, sublimed.
p-Hydroquinone, Eastman #356.
Methyl-p~benzoquinone (pract.), Eastman P3520, sublimed.
2,5-Dimethyl-p-benzoquinone, Eastman #3710, sublimed.,
Trimethyl-p-benzoquinone, K & K Labs., Inc., #19543,
1l,4=Naphthoquinone (pract.), Eastman P1704, sublimed,

2,5-Dichloro~-p-benzoquinone, Aldrich,

Solvents:
Ethyl alcohol (absolute), U.S.I.
Cyclohexanol, Matheson Coleman & Bell #2758, distilled.
tert-Butyl alcohol, Baker Analyzed Reagent #9056, distilled.

Glycerol (Spectroquality Reagent), Matheson Coleman & Bell

tert-Butyl acetate, Matheson Coleman & Bell #9225, distilled
over CaCl,.

Pyridine (A.R.), Mallinckrodt #7180.
Dimethyl sulfoxide, Matheson Coleman & Bell #7963,

Others:
GB-Carotene, Matheson Coleman & Bell #9192,
(S-Carotene (Ampoule, 80~90% (3-1somer), Sigma Chemical Co,
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Degassing Techniques

Three methods of solution degassing were employed
in these experiments. For non-viscous solvents the freeze-
thaw method was used (Tollin and Green 1962). For viscous
solvents consisting of a mixture of alcohols this method
was not used because 1t had the effect of distilling off
the lower boliling alcohol, thus changing the ratio of the
cbmponents.

In the earliest experiments, such samples were
purged with nitrogen gas. A fine capillary which was drawn
out from glass tubing delivered a stream of nitrogen bubbles
into the cuvette sample for 3/4 hour. Dye-0x dry nitrogen
gas was passed over hot copper turnings in a deoxygenation
furnace (Sargent #S=-36517). The copper was regenerated
after every experiment by passing a stream of hydrogen gas
over the turnings while hot. A small amount of solvent did
evaporate during purging. Therefore purging time for all
experiments was kept the same.

For most of the experimental work, degassing by
purging with nitrogen gas was abandoned in favor of the
reflux method, which could be applied more reliably., It
was found that sample kinetic properties varled consider-
ably depending on the incidentals of purging, l.e., length

of time, flow rate of the purging gas and size of the
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vessel being used, This last item was especlally important
in connection with comparing kinetic parameters between
optical and ESR signals. |
Refluxing of the solvent was done in a two=liter
round bottom flask with a heating mantle; The flask was
fitted with two refluxing columns which had self-contained
water Jackets, It was half filled with solvent and washed
graphite boiling chips were added. The Variac was adjusted
so that only a very mild bolling took place. This was al-
lowed to proceed for 24 hours. Refluxing was stoppedkby
immersing the flask in ice while at the same time a gentle
stream of nitrogen gas was circulated in the flask through
a two-~hole stopper. Positive pressure of the nitrogen gas
kept alr from being sucked in while the solvent cooled.
Through the hole in the stopper from which nitrogen gas
escaped, a glass tube was inserted. This tube was used for
transferring the solvent., When the sblvent was cooled, an
amber surgical tube was connected to the end of the glass
tube outside of the flask. The end of this tube was placed
in a second vessel to which solvent was to be transferred.
Transferring was accomplished by lowering the glass tube
under the surface of the solvent. The pressure of the ni-

trogen gas forced solvent through the tube into the vessel.
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Instrumentation

Optical Spectroscopy during Steady Illumination

The sample in a one cm square cuvette was placed in
a copper cryostat (both shown in Fig. 19). This cryostat,
a modification of that designed by Jones and Willard (1956),
was made so that the optical density of the sample could be
measured while irradiating at right angles. A coolant (in
these experiments mainly dry ice-ethanol) was placed in the
chamber surrounding the upper part of the cuvette shaft,
The heavy copper walls of the lower part of the shaft ef-
ficiently conducted heat away from the sample. A flow of
dry nitrogen gas was blown up from the bottom of the cryo-
stat to avold condensation of water on the windows, With
this technique, condensation was not a problem except on
the most humid days. To some extent, the temperature of
the sample could be regulated by adjusting the nitrogen gas
flow. Temperature was measured by means of a copper=con=
stantan thermocouple incorporated inside the cuvette,

The cryostat and cuvette were placed in the sample
compartment of an optical spectrophotometer, This appara-
tus employed a modulated light beam (chopper) and phase
sensitive detection to fllter out nolse, and was able to
detect optical density changes of the order of ZLO-3 unitse.

This was originally designed as a flash spectrophotometer
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[\

(Green and Tollin 1967), but in these experiments flash
illumination was not used and the xenon flash tubes were
removed from the sample compartment,

A hole was drilled into the side of the sample com-
prartment alligned with the window of the cryostat and
perpendicular to the two measuring windows. Light from a
. Kodak Sun Gun (Model 2) with an iodine-quartz lamp was fo-
cussed into this hole by two condensing lens. This light
was filtered by a 1-1/2 inch thick water filter, three 1/4
inch infrared absorbing glass plates and a Corning glass
filter. The 1lluminatlion could be interrupted by a manual
shutter (shutter time was estimated at 0,1 sec)., A schema-
tic drawing of thls apparatus is shown in Fig., 20.

' A YSI Model 65 Radiometer was used to measure the
light intensity reaching the sample cuvette upon illumina-
tion. The Radiometer probe was placed in the sample
compartment and aligned to register the greatest amount of
light intensity. The position of the light source was then
readjusted for maximum intensity. With a Corning 2-61 red
filter, an intensity of 8.4 x 104 ergs/cmz-sec was obtained.

Optilcal density measurements were made one wave-
length at a time., A blocked interference filter was placed
in front of the sample photomultiplier. A wire screen of
known optical density was also in the light path of the

sample, For each setting of the apparatus in which a run
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ﬁas made, the screen was moved in and out, creating a de-
flection of the recorder. This deflection was used to
calculate the optical density changes occurring at each
wavelength. Rise and decay kinetics were monitored by a

Sanborn Type 151 recorder.

ESR Spectroscopy during Steady Illumination

ESR spectra were obtained with a Varian 100 KC
modulation spectrometer, equipped with a V-FR2200 Fieldial
unit and a TE-102 cavity. Light from a Kodak Sun Gun was
focussed into the cavity through a water filter, three in-
frared absorbing glass plates, condensing lenses, manual
shutter and Corning glass filter, in a set up similar to the
one mentioned previously. In addition, a small plano-convex

lens with a focal length of about two inches was placed

right in front of the cavity to focus the light sharply in-
to the slits of the cavity. These slits allowed approxi-
mately 50% of the light incident upon them to enter.

Two chart recorders were used with this ESR ma-
chine;: A Leeds & Northrup Type G Speedomax recorder which
had good sensitivity but a one second response time and
maximum chart speed of only about 5 mm/sec, and a Sanborn
Type 151 which had less sensitivity but could be used for
faster kinetics (response time: 0,01 sec, maximum chart

speed: 100 mm/sec),
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_ Samples were run in a quartz capillary tube de-
signed for freeze-thaw degassing (Fig. 21). These could be
run at low temperatures by passing a stream of nitrogen gas
through the Varian Low Temperature Probe which had bveen
cooled by passing through coils submerged in a dewar of li-
quid nitrogen. Temperature was adjusted by the flow of
nitrogen gas., A copper-~constantan thérmocouple incorpora~

ted 1in the quartz tube was used to measure temperatures,

Flash Spectroscopy

A schematlc for the flash photolysis apparatus is
shown in Fig. 22 (Raman and Tollin 1970). This apparatus
was designed for two flash lamps, but only one was used in
these experiments. A Corning 3-66 orange filter was mount-
ed between the flash lamp and the sample cell. The lamp
was fired upon charging a 7.5 MED capacitor to about 6000
volts, In the red region of the spectrum, the flash arti-
fact lasted between 100 and 150 /Lsec, so that most kinetic
data were taken after this time. In many cases, especially
at shorter wavelengths, the flash artifact was smzall enough
so that kinetics in the 50 to 100 /4sec range could also be
measured.,

The sample compartment was surrounded on two sides
by curved polished metal reflectors and cooled by forced

alr. A 5 cm quartz Cary cell contained the sample being



Flgure 21, ESR tube

for degassed samples .
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" studied. Degassiné by freeze-thaw took place in a separate
20 nl round bottom flask with a sidearm. The Cary cell was
attached to the sidearm through a teflon stopcock. The
Cary cell and stopcock assembly are shown in Fig. 23. Af-
ter the final cycle of degassing, the flask was tipped so
that the sample solution flowed through the sideafm into
the Cary cell., The stopcock was then closed off and de~ -
tached from the sidearm.

The photomultiplier was of the S-20 type (RCA 4463).
Metal screens were used for calibration purposes. Oscillo-
scope traces were recorded on Tri-X Panchromatic 35 mm film,
For some slower decaying absorbance changes the Sanﬁorn Type

151 recorder was used for readout,
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Figure 23, Cary cell and stopcock assembly for
flash photolysis experiments.
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CHAPTER 3
STEADY ILLUMINATION EXPERIMENTS

Experiments in Non-Viscous Solvents

When degassed ethanol solutions of chlorophyll plus
p=benzoquinone are illumlinated with red light in an ESR
spectrometer cavity, a five-line ESR signal (ratio of peak
heights 1:4:6:4:1) is obtained, indicative of the formation
of the semiquinone anion free radical (Venkataraman and
Fraenkel 1955, Tollin and Green 1962)., A typical ESR sig-
‘nal is shown in Fig. 24, This signal occurs immediately
upon i1llumination and goes to zero when the light is turned
off. The light-off decay of the signal is too rapid at
room temperature to be kinetlcally analyzed using the
ordinary pen recorder. However, by repetitive flash excita=-
tion and storage in the memory (400 channels) of a Computer
of Average Transients (CAT 400B Mnemotron), one finds that
the decay 1s second order (Fig. 25).

' Kinetic analysis of the decay can also be achieved
by lowering the temperature sufficlently and employing a
somewhat faster recorder (Sanborn Type 151). One again

observes the second order nature of the decay (Fig. 26).
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Figure 24, Five~line ESR signal of benzosemiquingne anion.
Chlorophyll a (4 x 10~5M); benzoquinone (1 x 107°M) in
ethanol. Illuminated with red light at room temperature.
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Figure 25. ESR decay curve from CAT memory and second
order plgt. Chlorophyll & (4 x 10=5M); benzoquinone

(1 x 107

M) in ethanol. Illuminated with red light at

room temperature.
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FPigure 26, Second order plot of light-off decay for ESR
signal of semiquinone_anion . Chlorophyll a (4 x 10~0M);

benzoquinone (1 x 10"3M) in ethanol. Illuminated with red
light at =70°to -80°C.
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This ESR hyperfine signal is not obtalned in the
absence of chlorophyll and it is diminished in the presence
of air (oxygen). A steady-state concentration of the semi-
quinone is quickly reached and no further increase in the
size of the signal is obtained by prolonged illumination
(Tollin and Green 1962). Long term irradiation produces no
irreversible chemical changes'in this system, as well as in
the others to be mentioned below.

Tollin and Green (1962) measured the action spectrum
for radical production in the chlorophyll-quinone system in
EPA, The results showed that the production of radical was
due to light absorbed by the chlorophyll molecule, This
semiquinone, then, 1ls the product of a one-electron trans-
fer to the quinone (Fig. 24). One can obtain somewhat
larger signals in more baslc solvents such as pyridine-

water at temperatures around -40°C (Mukherjee, Cho and
Tollin 1969),

If a degassed ethanol solution of chlorophyll and
p-benzoquinone 1s made slightly acidic by adding a drop of
glaclial acetic acid, one obtalns a six-line ESR spectrum in
the form of three doublets (White and Tollin 1967, see typ-
ical spectrum in Fig. 27). This spectrum has been further
resolved to show that each of the six lines form a triplet,
giving a total 18-line spectrum (Gough 1966)., This hyper=-
fine signal represents the protonated semiqulnone free

radical (Fig. 27).
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Figure 27, Six-line ESR signal of the protonated benzo-
semiquingne. Chlorophyll a (4 x 107°M); benzoguinone
(1 x 10™°M) in ethanol to which 0.2 ml/10 ml glacial
acetic acid was added. Illuminated with red light at
room temperature. .
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In all of the above casés. rheophytin (chlorophyll
minus its chelated magnesium lon) may be substituted for
chlorophyll with essentially equivalent results. Other
porphyrin type molecules (protoporphyrin, hematoporphyrin
(Mukherjee et al. 1969), bhthalocyanlne etc.) will also
sensitize the photo-transfer of an electron to a quinone
molecule, In these cases one generally obtains smaller sig-
nals than with chlorophyll.

The semiquinone radical signal 1s also obtained if
hydroguinone is used in place of benzoquinone (Fujimori and
Tavla 1965, Banerjee and Tollin 1966), Here an electron
must be withdrawn from the hydroquinone molecule, or in
other words a one-electron oxidation of the hydroquinone

takes place:

OH 0

Neutral or

o + e + H+
Basic Medla

o o

If chlorophyll itself is the origin of the electron
which reduces the quinone in the first case, and is the re-
ciplent of the electron from the hydroquinone in the second,
then one might assume that photoexcitation of the chloro-
phyll molecule 1is followed by the formation of a chlorophyll

free radical in both cases:
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o &
+
Chl + Q —3 Chl- +
o o
(o1}] o’
* +
Chl B — ChlHe 4+ + H
oH o

However, in all these experiments, no ESR signal attribut-
able to a chlorophyll free radical has been observed
(Tollin and Green 1962, Cho and Tollin 1968).

If optical spectra of these systems (neutral and
basic media) are examined during illumination, no changes
of the chlorophyll bands are found. However, under suitable
conditions, a band whose maximum is at 430 nm is produced
on illumination (Figs. 28, 29 and 30). This band is iden-
tifiable with the benzosemiquinone anion free radical
(Linschitz, Rennert and Korn 1954)., The best spectra of the
semiquinone anlon are obtained using hydrogquinone rather
than benzogquinone. This is due to the instability of benzo-
quinone in neutral to basic solvents, which is enhanced by
1llumination., The quinone forms a darkly colored compound
and the solution, if the quinone concentration is high

enough, eventually becomes opaque (see Fig. 30).
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Figure 28, Difference spectrum obtained on illumination of the system:
chlorophyll a (1.5 x 10-5M); hydroquinone (4 x 10~2M) in pyridine-water
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Flgure 30, Difference spgctrum obtained on illumination of the systems:

chlorophyll a (1.5 x 107°M); benzoquinone (1.0 x 10~ °M) in pyridine-water
(55:1) at -29°to -36°C.
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Upon turning off the light, one obtailns second or-
der decay kinetics for the 430 nm band (Fig. 31). A second
order decay constant of 2.4 x 109 sec™In™! is obtained in
the case of hydroquinone in pyridine~water. Although this
is about twice the value found by Mukherjee et al. (1969)
for the second order decay of the ESR signal obtalned from
this system, the two rate cohstants are probably the same
within experimental error.

An obvious second order decay process for the sys-
tems we have been describing is a recombination of
chlorophyll and quinone radicals., In the case of benzo-

quinone:

4+
Chl®* + Q° —— chl + Q@

In the hydroquinone system, one would also need the partic-

ipation of a proton:

ChlH + @Q° <+ H —s Chl + H,Q

However, in view of the inability to observe corre-~
sponding changes (either optical or ESR) of chlorophyll in
the aforementioned systems, simple recombination may not be
the major decay mechanism, Furthermore, convincing evidence
that the quinone radicals decay by disproportionation has
been reported (Mukherjee et al. 1969, Cho and Tollin 1968).

Because of this, Cho and Tollin (1968) favored a radical



63

200
o /
- //2/
.
o | /°
100
© ,///,Calculation of second order
g ////9 decay constant:
-1
d . 129 A~ _ -1
8 ////9 slope = E—g;; = 32.,25_A"
o sec
/2]
4 ¥ Using €,,,= 7400 A/M
_ k, = 32,25 x 7400 sec™iM~1
kr = 2.4 x 105 sec~iy~1
O L] L] [ ]

+

0 1 2 3
time (sec)

Flgure 31. Second order plot of light-off decay of 430 nm
band of the benzosemiquinone anion. _Chlorophyll a

(L.5 x 107°M); hydroquinone (4 x 10~2M) in pyridine-water
(5535) at ~30°to -35°C,
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disproportionation mechanism whereby disproportionation of
chlorophyll radicals occurred at a much faster rate than

the disproportionation of semiquinone radicals:

-+ +
o1t + on! —w o1 o+ om®

The steady-state concentration of chlorophyll radical
during illumination is postulated to be too small to detect.
The present failure to observe optical signals dué to
chlorophyll bleaching, however, would not be consistent
with the formation of a species such as Chl®¥,

Degassed ethanol solutions of chlorophyll and qui=
nonecén be made to show optical changes of the chlorophyll
bands on steady illumination (Linschitz and Rennert 1952).
This requires lowering the temperature close to the freez-
ing point of ethanol (-11700). At these low temperatures
the ethanol is highly viscous (according to the Handbook of
Chemistry and Physics (1968), 44,0 centipoises at ~98°C).
Because of condensation and cracking of the solvent, it is
difficult to get good data from such experiments. Fig. 32
shows a light-dark difference spectrum obtained with a

chlorophyll-~benzogquinone system in ethanol at low
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temperatures. Bleaching of the chlorophyll bands 1is quite
evident. Positive changes in the 400-500 nm region of the
spectrum may be due in part to semiquinone and also to a
modified chlorophyll species. Hydroguinone under these
conditions gives only the semiquinone positive absorbance
change at 430 nm,

While kinetic analyslis of these low temperature
data is difficult, one experiment giving data for the 430 nm
bleaching at about -100°C gave decay kinetics which plotted
first order with a constant of 1.8 sec~l (half-life = 380
msec) (Fig. 33).

From these results it is possible to conclude that
low temperatures and/or high viscosities stabilize a |
bleached chlorophyll species. This 1s in agreement with
the work of Linschitz and Remnert (1952) and of Krasnovskil
and Drozdova (1964),
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Figure 33, First order plot of light-off _decay of bleach-
ing at 430_nm. Chlorophyll a2 (1.8 x 10'5M); benzogquinone
(1.0 £ 1072M) in ethanol at about ~-100°C,
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Experiments in Viscous Alcohollc Solvents

If higher viscosity is the solvent property which
1s needed to ellcit chlorophyll optlcal density changes,
then by using a mofe viscous alcohol as solvent, we should
be able to avold going to very low temperatures. Kras-
novskil and Drozdova (1964) described experiments in which
~they investigated chlorophyll optical density changes in
fhe chlorophyll-quinone systenm usihg a mixed solvent of
glycerol-ethanol., Using their recipe for mixing and
degassing the solution, it was possible to obtain changes in
optical density in the chloroﬁhyll absorption region with
rather slow rise and first order decay kinetlcs (at tempera-
tures ranging between ~55° to ~60°C)., A sample of the
light=-off decay kinetics at 443 nm and -55°C is: first order
decay constant, 0,06 4+ 0,01 sec'lg halr-life, 11,5 sec,
Solutions of chlorophyll alone give slow extensive bleaching
of the red band which is to a large extent irreversibdle,
but no absorbance changes can be observed in the blue
(Soret) region., Chlorophyll with hydrogquinone behaves in a
similar fashion as does chlorophyll alone, only the very

slow irreversible absorbance changes are observed,
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It was decided that glycerol-ethanol and the pre-
scribed method of degassing was not ideal. Large amounts
of irreverslble bleaching'occurred during experliments and,
because of the distlllation of ethanol from the solvent
during degassing, there remalned an uncertainty in the ratio
of glycerol to ethanol., Therefore, it was difficult to com-
pare results from one experiﬁent to the next,

A possible substitute for glycerol would be cyclo-
hexanol. It 1s a translucent crystalline solid at room
temperature, but with the addition of a small amount of
ethanol, 1t will become a viscous liquid. In order to keep
it from crystallizing at low temperatures, some
tert-butanol was also added. After much experimentation,
it was found that a mixture of cyclohexanol, tert-butanol
and ethanol in the ratio 675 : 200:125 remained a glass at
dry ice-alcohol temperatures for at least five hours.
However, the stabiiity of this glass at low temperatures
was lessened appreciably at high quinone concentrations
( > 10°%M). Determination of the viscosity of the
cyclohexanol~-tert-butanol-ethanol (CBE) solvent by the
dropping sphere method gave a value of 22,6 centipoise at
23%c.

Spectral Changes
Chlorophyll and bhenzogquinone in CBE, degassed elther

by nitrogen gas purging or by refluxing, shows reverslble
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optical density changes at room temperature similar to those
observed with ethanol at very low temperatures (Fig. 34).
Bleaching of the chlorophyll Soret, red band and first
satellite of the red band 1is plainly discernable. Also seen
is increased optical density in the intermedliate spectral
reglon with a maximum at about 460-470 nm and a possible
second band at 530 nm, Similar difference spectra are ob=

- tained with a varlety of quinones (Figs. 35, 36 and 37).

The size of the spectral changes is not profoundly affected
as one goes from ~60° to 0°c, but in the nltrogen gas purged
samples at room temperature and higher, signals deteriorate
appreciably (although not in the refluxed samples). This

is probably due to photo-oxidation of chlorophyll by resid-
val oxygen.

Comparlson of samples degassed by purging with those
degassed by refluxing shows that the signal sizes are lar-
ger and the kinetics slower in the latter system. As an
example, in a solution of chlorophyll a (2 x lO'SM) and
p-benzoquinone (1,0 x_lO'ZM) at room temperature; for purged
CBE, A A(at 430 nm) = =0.0023, kq = 1.4 sec™l; for refluxed
CBE, AA(at 430 rm) = -0,017, k3 = 0.022 sec™ , Determin~
ation of viscosity (by the dropping sphere method) shows no
detectable difference between the two samples and so these

results are probably due to a lower concentration of oxygen

“in the refluxed solvent,
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Kinetic Comparisons and ESR Signals

We have measured the rise and decay kinetics at a
variety of wavelengths for several chlorophyll-quinone sys-
tems in CBE (Tables 1, 2, 3 and 4), The decay is first
order (Figs. 38, 39 and 40) for all wavelength regions and
the decay constants are found to be approximately equal
(Table 5). The rise kinetics are more complicated and ap-

- pear to be at least biphasic (Fig. 41). This is especilally
evident in the benzogqulnone system. Both rise and decay
kinetics vary with quinone species (see below for further
discussion)., Quinone concentration (relative to chloro-

- phyll) affects the shape of the rise curve (Figs. 42 and 43)
but does not seem to affect the light-off decay rate. There
also seems to be no effect on the decay rate of the ESR
signal (Table 6),

In contrast with experiments using ethanol and pyr-
idine solvents, ESR signals obtained in CBE show no
hyperfine structure (Fig. 44)., The decay kinetics are again
first order (Figs. 38, 39 and 40), but the decay constant
is significantly faster than for the optical changes. Dif-
ferences are also readlly apparent in the rise kinetics.

The ESR signal reaches a steady state much more rapidly
than does the optical signal and no indication is present

of a biphasic process (Figs. 45, 46, 47 and 48),
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Table 1, First order light-off and light~on constants for
various wavelengths and ESR signal. System: chloroghyll a
(2 x 10-5M); 2y5-dichloro-p-benzoquinone (l.1 x 10=°NM)

in CBE (refluxed) at rm, temp.

light~off light-on rise (sec=l)
- wavelength decay
§nm) 'gsec'12 fastest slowest
430 0.0040 0.15 0.039
460 0. 0049 0012 0,027
630 0.,0042 0.055 0.020
660(670) 0.,0049 0,045 0,022

ESR 0.0077
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Table 2. Flrst order light-off and light-on constants for
varlous yavelengths and ESR signal, System: chlorophyll a
(2 x 10°°M); p-benzogquinone (1.0 x 10™%M) in CBE (refluxed),
at rm., temp,

4%
light-off " light-on rise (sec'l)
wavelength decay
(nm) gsec‘lz ' fastest medliunm slowest

430 ‘ 0,0090 0.97 0.17 0,034
460 0.,0096 1.03 0.17 0. 049
630 0.0094 0.47 0.068
660(670) 0,014 0,22 0,079
ESr 0,080

.

This 1is assumed to be triphasic in these calcula-
tions, but the physical reality of a third component l1ls not
certain,
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Table 3. First order light-off and light-on constants for
various gavelengths and ESR signal, System: %hlorophyll a
(2 x-10"°M); methyl-p~benzoquinone (0.9 x 10”“M) in CBE
(refluxed), at rm. temp.

light-off light-on rise (sec'l)
- wavelength decay1
(nm) (sec™™) fastest medium slowest
L”BO Oo 072 - . 0088 0.214—
460 Oo 077 ekt 00 76 003’4’
630 Oo 083 b ' 0.87 0037

ESR 0.16
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Table 4, Pirst order light-off and light-on constants for
various yavelengths and ESR signal. System: chlogophyll a
(2 x 10™°M); 2,5~dimethyl-benzoquinone (0.6 x 107M) in
CBE (refluxed), at rm., temp.,

light=-off light-on rise (sec™1)
wavelength decagl
(nm) (sec™™) fastest medium slowest

k30 0.32 - 1.25 0,61
Lé6o 0.23 - 1.78 0.68
630 0020 bk 1005 0038

ESR 0.23
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Figure 38. First order plot of light-off decay for bleach-
ing at 630 nm and ESR signal. System: chlorophyll a

(2 x 10°°M); 2,5-dichloro~-p-benzoguinone (1,1 x 10-3M) in
CBE (refluxed), at rm. temp.
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Figure 39, First order plot of light-off decay for bleach-
ing at 670 nm and ESR signal, System:_chlorophyll a

(2 x 10°°M); p-benzoquinone (1.0 x 10'2M) in CBE (refluxed)
at rm, temp.
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Figure 40, First order plot of light-off decay for bleach-
ing at 430 nm, rise at 460 nm and ESR signal., System:
chlorophyll a (2 x 10'5M); methyl-p-benzoquinone

(0.9 x 10™4M) in CBE (refluxed) at rm. temp.
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Table 5. First order light-off decay constants for various
wavelengths and ESR signal. System: chlorophyll a

(2 x 107°M); p-benzoquinone (1.0 x 10~<M) in CBE, at rm,
tenmp.

wavelength absorbance change decay_constant

— (nm) (steady-state) (sec—1)
430 -0,017 0,017
Lh3 ~0,0054+0,0003 0,022
k50 .+0.0058 0.023
460 - +0,0075+0,0003 0.024
Lok +0,0065+0,0003 0,027
629 ~0,0058+0,0001 0,030
650 =0,0085+0, 0002 0.026
660 -0.,020 . 0,030
671 ~0,017+0,000 | 0,038
683 ~0,0040+0,0000 0.045

ESR 0.066
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Figure 41, Plot showing multiphasic character of light-on rise curve:
Rise velocity ( Aabsorbance/sec) versus concentration ( Aabsorbance) for
bleaching at 430 nm. System: chlorophyll a (2 x 10=9M); p-benzoquinone
(1.0 x 10™2M) in CBE (refluxed), at rm. temp.
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**{ F*‘l sec
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Figure 42, Optical light-on and %ight—off curves for the
system: ch&orophyll a (1.1 x 107°M); p-benzogquinone
(2,1 x 10~*M) in CBE (refluxed) at rm. temp.
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on
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Figure 43, Optical light-on curves for the system:
chlorophyll a (1.9 x 10'5M); p-benzoquinone (1.0 x 10
in CBE (refluxed), at rm, temp.

'ZM)
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Table 6, ESR and optical decay constants for various ratios -
of p~benzoquincne to chlorophyll a for the system:

chlorophyll a; p-benzoquinone in CBE (refluxed), at rm.

temp,

molar ratlo
BQ/Chl

12,7

18.8

19.1

21.3

62.5

111

27

526

910

ESR
decay
consgﬁnt

‘sec 2

0.14

0,076

0.070
0,057
0.078

0,066

optical
decay

const%nt

(sec" 2

0,0090
(430 nm)

0,026
(430 nm)

0.0071
(620 nm)

0.,0078
(620 nm)

0,017
(650 nm)

0.017
(430 nm)

0,017
(430 nm)

0.0091
(430 nm)
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“ F——

8.5 gauss

in ethanol in CBE

Figure 44, ESR signals obtained from steady illumination
of chlorophyll-quinone systems.
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sec Optical at 630 nm

Figure 45, ESR and optical light;on and light-off curves.

System: chlorophyll a (1.9 x 10~

M); 2,5~-dichloro~-p-benzo~

gquinone (1.1 x 10~3M) in CBE (refluxed), at rm. temp.
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Optlcal
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S
f"’l le 5 sec D

Optical
on at 460 nm

Figure 47. ESR and optical light-on and light=off curves.
System: ch)lorophyll a (1.9 x 10'5M): methyl-p-benzoquinone
(0,9 x 10™“M) in CBE (refluxed), at rm. temp.
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Flgure 48, ESR and optical light
System: chlorophyll a (1.9 x 10~

5

on and light-off curves.
M); 2,5-dimethyl-p-benzo-

quinone (0.6 x 107<M) in CBE (refluxed), at rm, temp.
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A further difference exists between the optical and
ESR'results. The ESR decay 1s markedly affected by quinone
structure whereas the rise is much less so, In the optlcal
experiments, both rise and decay depend on the quinone used.

These results demonstrate that at least two species
are being generated by light in the chlorophyll-quinone
mixtures, One of these 1s produced rapldly and is para-
magnetic whereas the more slowly generated species is not,
Both decay by first order kinetics? It is not possible to
decide from kinetics whether these products are being formed

by a sequential or a parallel set of reactions.

Illumination Intensity
Intensity of illumination affects both the size of

the signals (optical changes and ESR) and the initial veloc-
ity of the light-on signal. A plot of either initial

velocity (Fig. 49) or signal height (Fig. 50) versus rela~
tive intensity gives a straight line for the reactions in

CBE. This linear relationship between initial velocity and
light intensity shows that the reaction rate is determined

by the concentration of excited state species.

%*

However, the fact that only a single decay process
ls observed in the optical experiments may simply reflect
the relative concentrations of the two types of species.
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Figure 49, Plot of initial veloclty of bleaching at 430 nm
versus relative intensitg of illumination, System:
chlorophyll a2 (1.8 x 10-°M); p~benzoquinone (1,0 x 10~3M)
in CBE (refluxed), at rm. temp,
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Figure 50. Plot of signal height versus relative intensity
for change in absorbance at 430 nm, for the system:
chlorophyll a (1.8 x 10-5M); p-benzoquinone (1.0 x 10’3M)
in CBE (refluxed), at rm. temp.
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PH of Solvent

The pH of the soivent has a profound effect on the
size of the chlorophyll difference spectrum. Adding 0.2 ml
of glaclal acetlic acid to 10 ml of CBE causes a large‘in-
crease in the magnitude of the absorbance changes over those
observed in untreated CBE (Fig. 51). A linear relationship
exlists bétween the log of the amount of acetic acld added
and the size of the optical signal (Fig. 52). These amounts
of aclid are not sufficient to cause appreciable pheophytin-
ization., On the other hand, adding 0.5% pyridine causes
decreases in bleaching at 430 nm and 660 nm as well as a
decrease in the positive signal at’474 nm. Acetic acid has
a similar effect in degassed ethanol at low temperatures,
although 1% pyridine-does not (Fig. 53).

Light-off decay kinetics of the various signals are
also affected by pH. In general, a large decrease in veloc-
ity 1s observed as the solutions go from base to neutral
to acid (Table 7). A much smaller increase in the initial
rate of light-on rise at 430 nm is found in CBE as the
amount of acetic acid added increases (Fig. 54)., However,
the initial rates 1in degassed ethanol at low temperature
seem to be the same in the presence of acetic acid or
pyridine (Fig. 55).

If the solvent is made strongly basic (e.g., by

saturating it with potassium acetate or by adding larger
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Figure 51, Absorbance changes at _three wavelengths for the
systems chlorophyll a (1.5 x 10"5M): p~-benzoquinone
(1,0 x 10~2M) in CBE (N, purged) at -64°C; to which has
been added: A = plus acetic acid (0.2 ml/10 ml)
B = plus 0.5 % pyridine
N no additive
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Figure 52. Plot of the change in X\ absorbance (at 430 nm)
with incre%se of acidity (log plot). System: chlorophyll a
(1.7 x 107°M); p-benzoquinone (1.0 x 107™<M) in CBE (refluxed)
at rm. temp.
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plus acetic plus
aclid no pyridine
(0,1m1/10ml) additive (0,1m1/10ml)
0.00
-0,01 —
1))
©
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]
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Figure 53. Absorbance changes at 430 2m (4 sec after light
on), System:; chlorophyll a (1.6 x 1079M), p-benzoguinone
(1,0 x 1072M) in degassed ethanol at -97°C,
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Table 7. First order light-off decay constants as affected
by added acid and base, System: chlorophyll a (1.5 x 10‘5M)
p-benzoquinone (1.0 x 10-<M) in CBE (N, purged) at -64°C,

additive

0.2 ml/10ml
acetic acid

no additive

0.5%
pyridine

430 nm 474 nm 663 nn
bleacging rise bleaching
(sec~4) (sec~1l)  (sec-l)
0.024 0.020 0.030
0.22 0018 -

0.36 0.31 0.25

ESR
signa}
(sec” )

0,012

0.38
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Figure 54. Change in initial velocity with increased added
acetic acid, Systemz chlorophyll a (1.7 x 10° 5M). p~-benzo-~
quinone (1,0 x 10~2M) in CBE (refluxed), at rm. temp.
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plus : plus
acetic acid no pyridine
(0,1ml/10ml) additive (0e1lml/10ml)
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Figure 55. Initial light-on rise velocities at 430 nm for
the system: chlorophyll a (1.6 x 10-5M); p~benzoquinone
(1.0 x 10~2M) in degassed ethanol at -97°C.,
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amounts of pyridine), one will obtain no chlorophyll opti-
cal changes and only the five-~line ESR semiquinone signal,

which decays quickly.

Temperature Dependence

The activation energles for signal decay, obtained
from Arrhenius plots (Figs. 56 to 64), for chlorophyll'g :
plus p=-benzoquinone in viscous alcoholic solvents range
between 10-14 kcal/mole. pH does not appear to have much
effect on this value., Ethanol plus a trace of acetic acid
gives a lower value of 8-9 kecal/mole. Thus, less energy is
required for decay in a non-viscous solvent., Lower poten-
tial quinones give lower activatlion energies (for trimethyl-
benzoquinone it is 2.5 kcal/mole). These results are

summarized in Table 8.

Quenching Experiments '

All of the solutions used for these experiments are
degassed to elimlnate dissolved oxygen, inasmuch as oxygen
1s an efficient gquencher of the triplet excited states of
organic molecules. Oxygen quenching can be easlly demon-
strated in the present systems by taking a degassed
chlorophyll-quinone solutlion, which gilves ESR signals or
optical density changes on illumination, and saturating it

with oxygen (by bubbling O, through the solution for about
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Figure 56. Arrhenius plot: log k (first order decay constant)
versus 1/T for positive absorbance chgnges measured at 474
nm, Systeg: chlorophyll a (1.7 x 1072M); p-benzoquinone

(1.0 x 107<M) in CBE (N, purged).
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" Egq = 12,6 kcal/mole

k (first order decay constant)

1lx 10-2 T T T T T T - T
o2 b,5 5.0
(1/T) x 103

Figure 57. Arrhenius plot: log k (first order decay con-
stant) versus 1/T for bleaching at 430 nm, Systems:
chlorophyll a (1.8 x 10™°M); p-benzoquinone (1.0 x 10'2M)

in CBE (N, purged).
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1x 10° =~

1 x 10-1 - Eg = 10,5 kecal/mole

k¥ (first order decay constant)

LP.O 405
(1/T7) x 10=3

Figure 58. Arrhenius plot: log k (first order decay con-
stant) versus 1/T for bleaching at 663 nm, System:
chlorophyll a (1,7 x 1072M); p-benzoquinone (6,3 x 10~3M)
in glycerol=-ethanol (degassed),
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(ofo)

E, = 8.1 kcal/mole

k (first order decay constant)

(1/T) x 1073

Figure 59. Arrhenius plot: log k (first order decay con=-
stant) versus 1/T for bleaching at 430 nm. System:
chlorophyll a (1.8 x 107°M) p-benzogquinone (1,0 x 10-2H)
in degassed ethanol plus acetic acid (0.3 ml/ 100 ml).
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Figure 60, Arrhenius plot: log k (first order decay con-

stant) versus 1/T for ES
chlorophyll a (1.8 x 107
in CBE (Nz purged).

3

signal decay., System:
M); p=-benzoquinone (1.0 x 10"2M)
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Ea'= 12,8 kecal/mole

k (first order decay constant)

L,1 k.5
(1/T) = 103

Figure 61, Arrhenius plot: log k (first order decay con-
stant) versus 1/T for ESR signal decay., Systems 5
chlorophyll a (1.8 x 107°M); p-benzoquinone (1.0 x 107<M)
in CBE (N, purged) plus acetic acid (0.2 ml/ 10 ml),
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1 x 10° —

k (second order decay constant)

E, = 12.6 kcal/mole

¥ ¥ v 1 ] LI L] ¥

L. L _ 5.0
(1/T) x 1072

Figure 62, Arrhenius plot: log k (second order decay con-
stant) versus 1/T for ES& signal decay. System:
chlorophyll a (3.0 x 10™*M); p~benzoquinone (1.0 x IO'ZM)
in CEE (Nz purged) plus 1% potassium acetate saturated CBE,
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Figure 63. Arrhenius plot: log k (first order decay con-
stant) versus 1/T for Esg signal decay. System:
chlorophyll a (1.8 x 107°M); p-benzoquinone (1,0 x 10'2M)
in degassed ethanol plus acetic acid (0,3 ml/ 100 ml),
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1 x 10-1 A~ Eg = 2.5 kcal/mole

k (first order decay constant)

1 x 10™2 . r ; . - . . .
3.8 b5

(1/7) x 10~

Figure 64, Arrhenius plots log k (first order decay con-
stant) versus 1/T for ESB signal decay. System:
chlorophyll a (4.4 x 107°M); trimethyl-p~benzoguinone
(1.0 x 102M) in CBE (refluxed).
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Table 8., Activatlion energies for chlorophyll-quinone systems
(from Arrhenius plots)

chl quinone
conc, conc, activation
(molar (molar energy .
x 10~2) quinone _x 10-2) solvent (kcal/mole)
optical 1,7 BQ 1.0 CBE(p)¥ 14
1.7 BQ 0.63 glycerol- 11
ethanol
1.8 BQ 1.0 ethanol 8.1
HOAc
ESR 1.8 BQ 1.0 CBE(p) 13
1.8 BQ 1.0 CBE(p) 13
HOAc
30 BQ 1,0 CBE (p) 13
. KOAc
- 1.8 BQ 1.0 ethanol 8.8
HOAc
L4 TMBQ 1.0 CBE(r) 2.5

*(p) = purged; (r) = refluxed; HOAc = acetic acld
added; KOAc = potassium acetate added.
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one minute). After such treatment, one observes no ESR
signal and no optical density changes. By injecting vary-
ing small amounts of oxygen into a number of samples, a
correspondence can be demonstrated between the decrease in
absorbance changes at 430 nm and the amount of oxygen injec=
ted. This decrease is also observed in the inlitial velocity
of the light-on signal (Figs. 65 and 66). These results
suggest that the chlorophyll triplet is the photoreactive
specles in producing.both the ESR signal and the absorbance
changes.,

Like oxygen, (3—carotene, a compound which specif-
.dcally quenches the triplet excited state of chlorophyll
(Fujimori and Livingston 1957), shows quenching in these
experiments., Steady state ESR signal size and magnitude of
absorbance changes are dependent on the concentration of
@-carotene (Figs, 67 to 70). Stern-Volmer plots can be
made from these data. However, the néture of such a plot
wlll depend on the decay kinetlics. Inasmuch as the decay
processes in the present work are first order, the proper

form of the Stern-Volmer equation is:

P X, [a]
= 1 -2
Pq - TR o+ ks [Q]
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Figure 65, Plot of Qabsorbance at 430 nm versus oxygen
injected (amount of bleaching after 3 sec). System:
chlorophyll a (1.3 x 1079M); p-benzoquinone (3 x lO'“M)
at rm. temp., in CBE (refluxed). ‘
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Figure 66, Plot of initial velocity versus oxygen injected
for bleaching at 430 nm. System: chloaophyll a

(1.3 x 10=°M); p~benzoquinone (3 x 10-¥M) in CBE (refluxed)
at rm. temp. '
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Figure 68. Plot of steady-state ESR signal height versus
concentration of (3 -carotene and Stern-Volmer plot of the
same system: chlorgphyll a (1.8 x 10-5M); methyl-p~benzo-
quinone (8.2 x 10~7M) in CBE (refluxed), at rm. temp.
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same system: chlorophyll a (1.6 x 107°M); p-benzoquinone
(1,0 x 107*M) in CBE (refluxed), at rm. temp.
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Figure 70, Plot of steady-state ESR signal height versus
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same system: chlorophyll a (2.5 x 1072M); p-benzoguinone
(3,0 x 107"M) in CBE (refluxed) at rm., temp.
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where P = concentration of photoproduct in absence of
quencher; Pq = concentration of photoproduct in presence of
quencher; [q] = concentration of quencher; [Q] = concentra-
tion of quinone; k2 = quenching rate constant; kl = first
order rate constant for triplet decay to ground state;

k3 = second order rate constant for formation of photopro-
duct by reaction with quinone.

Thus, a plot ofvthe reciprocal of photoproduct con-
centration versus quencher concentration should be a
straight line. Although the data are not of the highest
quality, the fact that Stern-~Volmer kinetlics appear to be
obeyed indicates that the 63-carotene is acting at the ex-
cited state level, and thus that the chlorophyll triplet
state is the photoreactive specles.

From flash photolysis experiments on ﬁ3-carotene
quenching of the photobleaching at 430 nm (Fig. 71), one
can obtain minimum values for kl and k2 (see below for
further discussion of flash experiments). From a plot of
the log of the absorbance change versus time for chloro-

phyll a alone in CBE (Fig. 72):3
kq > 2,3 x 107 sec~l

From the plot for chlorophyll a plus ﬁ-carotene in CBE
(Fig. 72), .
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. Pigure 71. Decay of bleaching at 430 nm (oscilloscope
traces from flash photolysis experiments) for the system:
chlorophyll a (2.5 x 107°M) in CBE (refluxed), at rm, temp.
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Pigure 72, Flrst order decay plots of flash excited bleach-
ing at 430 nm for the system: chlorophyll a (2.5 x 107°M)
in CBE (refluxed) at rm. temp.; with and without (3-caro-
tene (1.0 x 10™“M),
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~ 3 qeo-l
k, + ky[a] 2 10.2 x 107 sec

therefore, sinces

ky, + k, [a] - k; = kz[q]
3

7.9 X 103 sec™!

v

7.9 X 103 sec™t

2 [a]

wheres [q] = 1.0 x 10-5M; therefore:

k

v

k, > 7.9 % 10° (M sec)™t

kl and. k2 from this sample calculation can be compared to
values for kl obtained by Linschitz and Sarkanen (1958) of
670 sec™t in pyridine and 440 sec™t in benzene and a value
for k, of 1.3 x 10° (M sec) ™ obtained by Fujimori and
Livingston (1957) for fg-carotene in benzene,

For three determinations at 430 nm, our values are:
k, > 2.3 % 0.0x 20% sec™ and k, > 7.5+ 0.5 x 10°
(M sec)"l. These numbers allow a minimum value for k3 to
be obtained from the slope of the Stern-Volmer plots,
Uslng kl and k2 obtained here, minimum values for k3's

were calculated from Stern-~Volmer plots for four experil-

ments in CBE. The results are shown in Table 9. A sample
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- Table 9., Calculated kq,'s from optical and ESR experiments at
room temp. in CBE (refluxed).

Chl

conc, :
(molarity
x 10=5)

2.5

2.5

1.8

1.8

quinone
quinone

(3 x 10

quinone
(3 x 10

quinone
(8.2 x 1

quinone

parameter

initizal
velocity,
absorbance
at 460 nm

ESR
signal
height

absorbance
change
at 630 nm

ESR
slgnal
height

calculated 1
kg (M sec)”

7.3 + 0.8 x 108

6.5 + 2.2 x 10°

0.55 + 0.66 x 107
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calculation for the first value in Table 9 ls as follows:
The Stern-Volmer plot of Fig. 73 glives the reciprocal of

initial veloclity versus @-carotene concentration. The
slope of this line is:

Azs 1

Vi - 2433 + 0.55 x 102 (absorbance/sec)~t
A [a] 10 x 10-5 M
1
Intercept: .;1 = 6,95 + 0.55 x 102 (absorbance/sec)-l
o
Therefore: Vio .
_ ko
2e
= 'Ef%%‘ ( + 7.8 & error)

= 3.4 + 0.3 x 107 ¥~L

10 x 102 M

Using kl and kz obtained from our flash experiments:

_ 7.5+ 0.5% 108 (M sec)™t
2.3 x 103 sec™L & kB[:Q]

3.4 & 0.3 x 100 M1
[] = 3.0x 10-4M, therefore:

7.5 + 0.5 x 108 sec™L

34 + 0,3 x 103

2.3 x 109sec™t + k5(3.0 x 10-*y) =
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Figure 73. Plot of initial velocity at 460 nm versus con-
centration of (3 -carotene and Stern~V91mer plot of the
same systeg: chlorophyll a (2.5 x 107°M); p-benzoguinone
(3.0 x 1077M) in CBE (refluxed) at rm. temp.
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2.20 + 0.24 x 105 - 0,023 x 105

kg = 3.0 x 10~% (1 see)™
K = 218 4 0,24 x 100y coo)-l

3 3.0 x 10~4
k3 = 7.3 + 0.8 x 108 (M sec)™t

Much smaller constants have been obtalned by Mu-
kher jee et al., (1969) from ESR measurements of quinone
radical formation (kj = 4.85 + 0,07 x 10% (i sec)~! ror
chlorophyll a and benzoquinone in ethanol at ~-40°Cc), This
suggests that the present experiments are measuring the
formation of a precursor of the semiquinone,

Under steady-state conditions, in the presence of
quinone, ﬁ-carotene also undergoes a slow chlorophyll-
sensitized photobleaching. If one looks at a wavelength
where @-carotene absorbs (e.g. 460 nm), one observes a
biphasic change (Fig. 74). On initiation of illumination,
the positive change represents chlorophyll photoproduct
formation. After about four seconds, the absorbance de-
creases steadlily due to ﬁ-carotene bleaching., This
bleaching is reversible in the dark, but at a much slower
rate (the rate is approximately steady at 5 x lO"3 A absor-
bance/minute (460 nm), or about 5 x 10~/ moles {3-carotene
per liter/minute). In the absence of quinone, @—carotene

bleaching is very much reduced., This suggests that the
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Figure 74, Light-on and light-off absorbance changes as a function of time
at 460 nm for the system: chlorophyﬁl a (2.0 x 10=5M); methyl-p-benzoguinone
(8.2 x 1073M); {8 -carotene (1 x 10-*M) in CBE (refluxed) at rm. temp,
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bleaching involves a reaction between ﬁ-carotene and ei-

ther the quinone radical or the chlorophyll photoproduct,

Effect of Porphyrin and Quinone Speclies on Photoreactions

The potential of the quinone affects the magnitude
of chlorophyll absorbance changes on steady illumination.
In general, the higher the redox potential of the quinone,
the larger is the change. The same is true for the ESR
signals one obtains for these solutions (Fig. 75). Al-
though it is really the one-electron potential which is the
parameter linearly related to the electron affinity of the
molecule, these redox potentials reflect one-electron pcten-
tials and electron affinities insofar as the pK values of
the quinols are similar (Peover 1962). Except for the
halogenquinone, this is true of the quinones used in our
experiments.

The magnesium~chelated porphyrin system of chloro-~
phyll is not at all specific for these photoreactions.
Within limits, the chelated metal, the degree of reduction
of the porphyrin ring, the nature of the porphyrin side
chains and even some of the atoms of the porphyrin ring can
be changed without eliminating absorbance changes and ESR
signals., PFigs. 76-80 give light-dark difference spectra
for zinc and cadmium-pheophytin, bacteriochlorophyll, zinc-

hematoporphyrin, hematoporphyrin and zinc-phthalocyanine.
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Figure 75. Plots of steady-state signal size versus
%uinone redox potential for bleaching of absorbance at
70 nm and ESR slgnal height. System: chlorophyll a
(1.9 x 10-5M); quinones (5-10 x 10~3M) in CBE (refluxed)
at rm. temps,
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Pigure 76. Difference spectrum obtained on illumination of the system:

zinc-pheophytin a (5 x 10-5M); p-benzoquinone (1.0 x 10~2M) in CBE (refluxed)
at rm., temp.
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Figure 77. Difference spectrum obgained on 1llumination of the system:

cadmium-pheophytin a (ca. 1 x 107°M)(equilibrium mixture with pheophytin a);
p-benzoquinone (1.0 x 10~2M) in CBE (refluxed) at rm. temp,
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Figure 78. Difference spectrym obtained on illumination of the systems

bacteriochlorophyll (4 x 10~OM); p-benzoquinone (1.0 x 10-2M) in CBE (refluxed)
at rm, temp.
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Figure 79. Difference spectra obtained on illumination of

the systems: 5
—0— zinc-hematoporphyrin (ca. 107°M); p-benzogquinone

(1,0 x 10~2M) in CBE (refluxed) at rm. temp.

- -A—-~- hematoporphyrin (1.5 x 10'4M)x hydroquinone

(4 x 10=2M) in pyridine-water (55:5) at -43°C,

—@—— hematoporphyrin (l.5 x lO‘aM); p-benzogquinone

(1.0 x 10-2M) in CBE (refluxed) at rm. temp.
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Structural formulas for these porphyrin systems are given
in Figs. 1, 6, 11 and 14; absorption spectra are given in
Figs. 7, 8, 12, 13, 15, 17 and 18,

The chelation of the magneslium metal ion in the
- chlorophyll molecule is necessary for seeing absorbance
changes due to chlorophyll. Pheophytin (chlorophyll with-
out the chelated metal) in CEE with benzoquinone gives only
very small positive &\ absorbance in the near u.v. and an
ESR signal indidative of the monoprotonated benzosemiqui-
none (Fig. 81). As with chlorophyll, it is found that
chelation of a metal is necessary for other metal-porphyrin
systems, and further, the metal must be similar to magne-
sium in its electronic orbital structure (i.e.,Zn and Cd
behave like Mg, whereas the transition metals: Fe, Co, Cu
and N1, although when chelated with pheophytin give absorp-
tion spectra similar to chlorophyll, do not elicit
absorbance changes or ESR signals. This may be due to
paramagnetic quenching of the porphyrin triplet.).

So long as the conjugated system of the porphyrin
ring remains intact, porphyrin, dihydroporphyrin and tetra-
hydroporphyrin are all effective in these photoreactions.
However reduction of the ring (e.g.,with sodium borohydride)
destroys this ability. Since we have found chelated hemato-

porphyrin and deuteroporphyrin to be effective, ring 5 and
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Figure 81, ESR spectrum of monoprotonated benzosemiquinone
obtained on illumination of the system; pheophytin a

(1 x IO‘LPM); p-benzoquinone (1.0 x 10=2M) in CBE (refluxed)
at rm, temp.
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other porphyrin side chains must not play a major role in
these reactions.,

Bacteriochlorophyll gives a fast rise and slow
second order decay (Fig. 82) in contrast to chlorophyll and
other porphyrins investigated. Since benzoquinone is pre-
sent in an amount of more than a thousand times that of
bacﬁeriochlorophyll, the predominent decay reaction must
involve two photoproducts reacting together. This interes-
ting difference in the photochemical behavior of chlorophyll
and bacteriochlorophyll should be investigated further.

As wi?h chlorophyll a, the slze of the absorbance
change and Esﬁ signal depends on the potential of the qui-
none. We have plotted the log of the absorbance change and
the ESR signal size versus the redox potential of the qui=-
none (Clark 1960) for chlorophyll a, zinc-pheophytin,
cadmium-pheophytin and zinc-~hematoporphyrin. These plots
are straight lines (Figs. 83, 84 and 85). In addition, we
have plotted these values versus half-wave potentials of
the quinones as determined in acetonitrile (Peover 1962)
(ﬁigs. 86, 87 and 88)? These plots represent the Nernst
equation of the photopotential of the porphyrin system for
the light intensity employed (approximately 105 ergs per

cmz-sec). This photopotential can be estimated from these

L
Values in alcohol or water parallel values in
acetonitrile except for the halogenquinones (Peover 1962).
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Figure 82, Second order plot for the light-off decay of
optical gnd ESR signals. System: bacteriochlorophyll
(4 x 10-°M); p-benzoquinone (1.0 x 10~2M) in CBE (refluxed)

at rm. temp.
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Figure 83. Plot of the log of the absorbance change at
670 nm and ESR signal size versus guinone redox poten-
tial for the system: chlorophyll a (1.9 x 10-5M);

quinones (5-10 x 10-3M) in CBE (refluxed) at rm, temp.
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Figure 84, Plots of the log of the absorbance change and
ESR signal size versus quinone redox potential for systems:
zinc~-pheophytin a (5 x 10- 5M) or cadmium-pheophytin (ca.

1 x 10-5M); quinones (5-10 x 10-3M) in CBE (refluxed) at
rm. temp.



143

—0— Agabsorbance
0,10 — at 409 nm 100~
1 —&— ESR signal size

Tr——T

BESR signal size (arbitrary units)

3 o
Q) y
o ¢
7
o $
(@]
.
a
< /%
0,01 - ~1,0
L ] 7
500 600 700 800

quinone redox potential (millivolts)

Figure 85, Plot of the log of the absorbance change and
ESR signal size versus qulinone redox potential for the
system: zinc-hematoporphyrin (ca, 107°M), quinones
(5-10 x 10™3M) in CBE (refluxed) at rm. temp.
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Figurc 86. Plot of log of the absorbance change at 670 nm
and ESR signal size versus quinone half-wave potential
(measured %n acetonitrile). Systemé chlorophyll a

(1.9 x 10™°M); quinones (5=-10 x 10~2M) in CBE (refluxed)
at rm, temp.



145

—o— Dabsorbance at 430 nm

(zinc-pheophytin)
41 —A—ESR signal size
(zinc-pheophytin)
—v— Dabsorbance at 660 nm
ié (cadmium-pheophytin)
0,01 ~10,0

ESR signal size (arbitrary units)

b2
Q
g
]
,g
(o]
a
| \
<
(o]
A7
0.001 N T 4 T N 100
"005 "006 "007 “008

half-wave potential (volts) vs. SCE

Figure 87. Plots of the log of the absorbance change and
ESR signal size versus quinone half-wave potential
(measure% in acetonitrile). Systems: zinc-phegphytin a
(5 x 10~°M) or cadmigm-pheophytin (cas 1 x 107°M);
quinones (5-10 x 107°M) in CBE (refluxed) at rm. temp.
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Figure 88. Plot of the log of the absorbance change and
ESR signal size versus quinone half-wave potential
(measured in acetonitrile). System: zlinc-hematoporphyrin
(ca. 107°M); quinones (5-10 x 10=JM) in CBE (refluxed)

at rm. temp, )
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plots. Thus, for chlorophyll a, the t\absorbance represen-
ting one-half of the original chlorophyll absorbance at

670 nm will give the photopotential of chlorophyll, since
when one~half of the chlorophyll 1s bleached, the log term
in the Nernst equation is zero:

[cnff]
™0 [GaT]

E = E +

ochl

The absorbance of the 670 nm red band of chlorophyll for
this experiment is 1.57. Half of this is 0.785 and corre- .
sponds to a potential of about +0,05 v (SCE) or +0.29 v
(NHE) (not shown on the plot of Fig, 86). It 1s inter-
esting that this value 1is close to the value of +0,41 v
(NHE) given as the maximum half-wave potential for

reduction of triplet excited chlorophyll a in the reaction:
- +
Chlt + Red —= Chl-° + Red*

(Seely 1966). Photopotentials for the metal porphyrins

were similarly determined from Figs. 86, 87 and 88 and are:

Metal~porphyrin ' Photopotential
chlorophyll a +0.29 v (NHE)
zinc-pheophytin a ~0,08 -
cadmium-pheophytin a -0,09

zinc~-hematoporphyrin +0.40
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The redox potentlial of the quinone 1s also found
to affect the first order light~off slgnal decay in a manner
similar to its effect on signal size. The higher the redox
potentlal of the quinone (i.e. the more positive), the
slower 1s the light-off decay (the smaller the decay con-
stant). Plots of the log of the first order light-off decay
constant for optical signals and ESR signals* versus quinone
potential also give what appears to be a straight line re-
lationship (Figs. 89, 90 and 91).

The facts that the kinetic properties of the absor-
bance changes and the ESR sighals in the porphyrin-quinone
systems depend on both the porphyrin specles and the qui~-
none species, and that first order decays are obtained
(except for bacteriochlorophyll), strongly suggests that
one of the Intermediates being observed in these experi-
ments l1ls a complex contalning both porphyrin and quinone
specles, The paramagnetism of this materlial indicates that

one or both of the specles 1is a radical.

One can ratilonalize these observations within the
framework of the idea of photo~induced electron transfer.

Thus, two effects will produce a larger steady-state con-

centration of photoproduct:

*ESR machine response time used (1 sec) limited the
meaningful kinetic data only to the slowest decays, i.e.
only to the three highest potential quinones with chloro~
phyll.
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Figure 89. Plots of the log of the first order light-off
decay constant versus quinone redox potentlal. Sgstem:

chlorophyll a (1.9 x 10~5M); quinones (5~10 x 10-3M) in

CBE (refluxed) at rm. temp.



150

y \

1.0 -
p -
o] J
o
P J
[}
s
o -
o
% -
(9]
0
o .
Gt
G-t
3]
{
&
W 0,10 -
H .
—~ .
&
Q o
I+ ]
8 —o0— zinc~-pheophytin
T ] —A— cadmium~pheophytin
X 1
G

0,01

1 LN
600 700 800
quinone redox potential (millivolts)

Figure 90, Plots of the log of the first order light-off
decay constant versus quinone redox potential, Systems:
zinc-phegphytin a (5 x 10~-5M) or cadmium~pheophytin

(L x 107°M); quinones (5-10 x 10~3M) in CBE (refluxed)
at rm, temp,
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1) high rate of radilcal formation

2) slowness of the back reaction

That we do observe slower decay rates along with larger
steady~-state radical concentrations tends to implicate the
second effect (see straight line plots of log(dabsorbance)
versus log(decay constant), Figs. 92 and 93). Thus higher
redox potentlal quinones glve larger steady-state changes
‘because of a slower back reaction.

If higher rates of radical formation caused the
larger steady-state concentrations of photoproduct, this
fact would come out in a comparison of initial velocities
(which mirror the rate of radical formation). That this is
not the case is seen in Table 10 which lists initial veloc-
ities for four quinones at three wavelengths? No such
trend 1s found in these figures. If anything, a reverse

correlation exists.

*The values for initial velocities are obtained
from plots of A absorbance/sec versus & absorbance and
extrapolated to zero Aabsorbance.
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Table 10, Initial velocities of light-on rise signal for
four quinones at three wavelengths, System: chlorophyll a
(1.9 x 10~5M); quinones (5-10 x 10-3M) in CBE (refluxed)
at rm, temp,

initial velocities

quinone redox (Aabsorbance/sec) x 10~3

quinone potential 430 nm 460 nm 630 nm
%é;gigig;one 9.74 volt 4,6 0.29
benzoguinone 0.7; 11 2.7 2.2
ggzgﬁéainone 0.65 10 2.1 2.7
%iﬁiﬁ’;’ﬁ;one 0.60 11 3.9 3.1



CHAPTER &

SUMMARY OF MAJOR CONCLUSIONS
FROM STEADY-STATE EXPERIMENTS
Before procecsding to a discussion of the results of
flash photolysils experiments; it is desirable to summarize
the major concluslions which have been arrived at on the
baslis of the steady-state optical and ESR experiments,

l. Red light 1llumination of solutions of chlorophyll
or pheophytin (6r other porphyrins) plus quinones or hydro-
quinones in ethanol or pyridine-water at temperatures above
-50°C produces measurable quantities of only quinone anion
radical species (as evidenced by optical and ESR experi-
ments). These decay by a second order process
(disproportionation).

2+ At very low temperatures in ethanol (<:-7o°c), re-
versible chlorophyll bleaching 1s observed upon
11lumination along with positive absorbance changes in the
360-500 nm region. First order decay kinetics are observed.

3. In viscous alcoholic solvents (glycerol-ethanol and.
CBE) at room temperature and below, similar absorbance
changes are observed as with ethanol at low temperatures.
Decay kinetiecs are first order at all wavelengths. Rilse
kinetics are biphasic,

156
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L4, ESR signals generated in CBE with metal porphyrins
are broad and structureless. These also decay by first
order kinetics, but the decay constants are significantly
faster than for the optical changes. Rise kinetics are
also faster and are not biphasic,

5. The results mentioned in 3 and 4 show that at least
two species are being generated by light; one of these is
paramagnetlc and one 1is not.

6. Initial rates of product formation are determined by
the concentration of exclited state species.,

7. Adding acetic acid increases the magnitude of the
steady-state concentration of photoproducts, decreases the
decay rate and increases the initial velocities,

8. Adding small amounts of base (pyridine or potassium
acetate) diminishes the magnitude of the signals. Larger
amounts of base eliminate the chlorophyll bleaching and
cause semiquinone anion radical formation by light.

9. Activation energies for chlorophyll-benzoquinone in
CBE are 13-14 kcal/mole for all responses., This value de-
creases to 8-9 kcal/mole in ethanol-acetic acid.
Trimethylbenzoquinone, a weaker oxidizing agent, gives a
value of 2,5 kecal/mole in CBE,

10. Quenching of the photoreactions by O2 and
‘3~carotene demonstrates that the chlorophyll triplet state

is the photoreactlive specles.,
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11, The nature of the porphyrin (particularly the pre-
sence or absence of a chelated metal ion and its identity)
and quinone species affects both the magnitude of the vari-
ous signals (ESR and optical) and the rise and decay
kinetics. In general, the higher the redox potential of
the quinone (or the more positive the half-wave potential),
the slower is the decay and the larger are the signals.

The results suggest that one of the intermediates being ob-
served in these experiments is a complex containing both
prorphyrin and quinone species which interact vlia the
central metal ion and in which one or both of the partners
is paramegnetic, and that the decay process involves an

electron transfer reaction occurring within the complex,



CHAPTER 5
FLASH PHOTOLYSIS EXPERIMENTS

In flash photolysls experiments, chlorophyll a by
itself in CBE glves absorbance changes not unlike those ob-
tained in steady illuminatlon experiments in the presence
of quinone (Fig. 94), Positive absorbance changes have
been observed by us almost as far into the red as 800 nm,
Decay kinetics are very sensitive to the presence of tra-~
ces .of oxygen? Fig. 95Ais a superposition of three
oscilloscope traces of the same sample on the first, sixth
and thirteenth flashes showlng a slowing down of the decay
and a decrease in the maximum amplitude of the transient.
After about thirteen flashes, the decay rate and amplitude
remain constant. A thirteen percent decrease in the maxi-
mum absorbance change occurs between the first and the
thirteenth flash. Presumably, the oxygen and some of the
chlorophyll are being consumed in a photochemical process.
In the experiments shown below, decay curves were used

only after an initial period of flashing was carried out.

*
These effects are probably due to the difficulty

of degassing the viscous CBE solvent, inasmuch as we do

not observe this in ethanol or other more flulid medila,
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Flgurc 95. Oscillloscope traces showing a comparison of
decay kinetics for the first, sixth and thirteenth flashes
at 460 nm, for the system: chlorophyll a (1.3 x 10-5M)

in CBE (refluxed) at rm. temp,
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Decay kinetics are shown in oscilloscope traces for
chlorophyll a in CBE and solvents such as tert-butanol,
dimethylsulfoxide, chloroform, carbon tetrachloride and
ethanol, for a few wavelengths (Figs. 96, 98, 100, 102,

104 and 106), Decay rates do not follow any simple kinetic
order. Semi-log plots of the foregoing decay curves show
that in most cases the rates are approximately the same aﬁ
all wavelengths (Figs. 97, 99, 101, 103, 105 and 107),
However, for the two most viscous sclvents, CBE and DMSO,
the decay of the bleaching of the Soret band (at 430 nm)
‘appears to be faster. Thls may imply the presence of two
or ﬁore specles in these solvents which are either not ob-
tained or not distinguished in the other solvents,

If some of the absorbance changes we observe in
these systems are due to the chlorophyll triplet state, we
should be able to demonstrate quenching by ‘3-carotene.

In Figs. 108-~11ll are shown the effecté of the presence of
ﬁ-carotene on the transients at 430, 470 and 660 nm in
CBE., We observe marked increases in the rate of decay at
430 and 660 nm, whereas the transient at 470 nm is reduced
slightly in magnitude with a much smaller increase in rate,
even at considerably higher p-carotene concentrations.
This shows that the absorbance changes at 430 and 660 nm
reflect primarily the formation and decay of the chloro=-
phyll triplet, while the changes at 470 nm result mainly
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Figure 96, Oscilloscope traces showing decay kinetics
after flash photolysis of the system: chlorophyll a
(1.8 x 10~5M) in CBE (refluxed) at rm. temp.
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Figure 98. Oscilloscope traces showing decay kinetics
after flasg photolysis of the system: chlorophyll a
(7.1 x 10-5M) in tert-butanol-iscoctane (411) at rm. temp.
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Figure 99, Filrst order decay plots for oscilloscope traces
shown in Fig. 98. )
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Figure 100, Oscilloscope traces showling decay kinetics
after flasg photolysis of the system: chlorophyll a
(4.4 x 10-OM) in dimethylsulfoxide at rm. temp.
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Figure 102. Oscilloscope traces showing decay kinetics
after flasg photolysis of the system: chlorophyll a
(4.5 x 10~°M) in chloroform at rm. temp.
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Figure 103, First order decay plots for oscilloscope traces
shown in Fig. 102,
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Figure 104. Oscilloscope traces showing decay kinetics
after flash photolysis of the system: chlorophyll a
(3.9 £ 10™°M) in carbon tetrachloride at rm. temp.
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Filgure 105. First order decay plots for oscilloscope traces
shown in Fig. 104,
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Figure 106, Oscilloscope traces showing decay kinetics
after flas% photolysls of the system: chlorophyll a
(4,0 x 10~OM) in ethanol at rm. temp.
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Figure 107. First order decay plots for oscilloscope traces

shown in Fig. 106,



175

Chl a plus f3-carotene (1.0 x 10™°M)

¢

Chl a alone

oscilloscope signal
(5 millivolts/division)

0 0.5 1.0
time (millisec)

Filgure 108. Oscllloscope traces showing decay kinetlcs at
430 nm after flash photolysis for chlorophyll a

(2.5 x 10~ 5M) and chlorophyll a plus {3-cazotene in CBE
(refluxed) at rm. temp.
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Figure 109. First order decay plots for oscilloscope traces
shown in Fig, 108.
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Figure 110. Oscllloscope traces and first order decay plots
showing decay kinetics at 470 nm after flgsh photolysis

for the systems: chlorophyll a (4.7 x 10”°M) and chloro-~
phyll a plus (3-carotene in CBE (refluxed) at rm. temp.
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Figure 1ll. Oscilloscope traces and first order decay plots
showing decay kinetics at 660 nm after flash photolysis

for the systemss chlorophyll a (2.4 x 10™°M) and chloro-
phyll a plus (3-carotene in CBE (refluxed) at rm, temp.
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from another species which 1s a product of a reaction of the
triplet state, most probably with the solvent.

Different results are obtained in ethanol (Figs.
112 and 113). In this solvent, on adding (3-carotene,
about the same amount of rate increase is observed both at
520 nm and at 665 nm (520 nm gives results which parallel
those at 470 nm). Thus, it would appear that the second
rhotoproduct 1is generated to a much lesser extent, if at
all, in ethanol than in CBE.

If one examines the flash decay curves of chloro-
phyll in CBE at slow sweep rates and higher amplification,
one can observe a small slowly-decaying component (half-
life around 40 millisec). This is shown in Figs., 114-116.
Similar results are obtained at other wavelengths. We ﬁill
‘discuss the interpretation of this in a later section.

Pheophytin also shows absorbance changes in CBE as
measured by flash spectroscopy. Both positive and negative
absorbance changes are obtalned as with chlorophyll (Fig.
117). The decay rates at 470 nm for both chlorophyll and
pheophytin are roughly the same, but the decay of the Soret
band (at 410 nm) appears to be four times faster than the
decay of the chlorophyll Soret, Decay rates at 470 and 660
nm are roughly the same (see oscilloscope traces in Fig.
118 and first order plots in Fig. 119). Therefore, quali-

tatively we have the same situation as with chlorophyll,
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Figure 112, Oscilloscope traces and first order decay plots
showing decay kinetics at 520 nm after flgsh photolysis
for the systems: chlorophyll a (4.5 x 107°M) and chloro-
phyll a plus ﬁ—carotene in degassed ethanol at rm. temp.
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Figure 113. Osclilloscope traces and first order decay plots
showing decay Xkinetics at 665 nm after flgsh photolysis

for the systems: chlorophyll a (4.5 x 10~OM) and chloro-
phyll a plus ‘3~carotene in degassed ethanol at rm. temp.
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Figure 114, Oscilloscope traces at 2 and 5 millisec full
scale sweep showing decay kinetlcs at 460 nm for the sys-~
tem: chlorophyll a (1.1 x 10~ 5M) in CBE (refluxed) at rm,
temp-
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Figure 1ll15. Oscilloscope traces at 10 and 50 millisec full
scale sweep showing decay kinetlcs at 460 nm for the sys=-
tem: chlorophyll a (1.1 x 10~ 5M) in CBE (refluxed) at rm.
tenp,
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Figure 116, Oscilloscope traces at 100 and 1000 millisec
full scale sweep showing decay kinetics at 460 nm for the

system: chlorophyll a (1.1 x 10=5M) in CBE (refluxed) at
I'e tempo
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Figure 117. Flash photolysis difference spectrum for the system: pheophytin a o
(5 x 10-°M) in CBE (refluxed) at rm. temp., These Aabsorbances are for a 5cem (o)
cuvette and were taken 0,2 millisec after the flash, W
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Figure 118. Oscillloscope traces showing decay kinetlcs
after flgsh photolysis for the system: pheophytin g
(5 x 10=°M) in CBE (refluxed) at rm. temp.
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Figure 119, First order decay plots (log Aabsorbance ver-
sus time) for oscilloscope traces shown in Flg. 118.
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Further simlilarities with chlorophyll are seen in
the effects of (d-carotene. At 470 nm 1little or no differ-
ence is observed in the decay rates on addition of
_ (3-carotene up to as much as 2 x 10™°M (Fig. 120). How-
ever, at the Soret band (410 nm) the decay 1is speeded up
with 7.5 x 10™*M [-carotene (Fig., 121).

Flash Experimnents 1n the Presence of Quinones

The addition of quinones to solutions of chloro-
phyll in CBE results in slowly-decaying species being'
generated during flash excitation. This is shown for benzo-
quinone by the traces in Fig. 122, Three decay processes
can be clearly distinguished in all wavelength regions in
these flash experiments (Figs. 122, 123 and 124), One is
very fast, with a half-life of about 0.2 millisecond. This
probably corresponds to triplet state decay (compare with
trace of chlorophyll alone in Fig. 122), The second com-
ponent (quantitatively the largest) has a half-life of 5 to
10 milllseconds; This decay time seems to be independent
of quinone concentration (see traces, Fig; 125 and first
order plots, Fig; 126); The third (generally smaller) com-
ponent plots as a first order decay and has a half-life of
several seconds which 1s quite clearly a function of qui-
none concentration, becoming faster at higher concentrations

(Fig. 127). This dependency is probably the consequence of
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Figure 120. Oscilloscope traces and flirst order decay plots-
showing decay kinetics at 470 nm after flash photolysis

for the systems: pheophytin a (5 x 10‘6M) and pheophytin a
plus (-carotene in CBE (refluxed) at rm. temp.
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Pilgure 121. Oscilloscope traces and first order decay plots
showing decay kinetics at 410 nm after flash photolysis

for the systems: pheophytin a (5 x 10'6M) and pheophytin a
plus ﬂ-carotene in CBE (refluxed) at rm. temp.
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Figure 122, Oscilloscope traces at 470 nm (top) and 650 nm
(bottom) showing decay kinetics after flash photolysis

for the systems: chlorophyll a and chlorophyll a plus
p-benzoquinone in CBE (refluxed) at rm. temp.
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Figure 123. Oscllloscope traces at 5 and 50 millisec full
scale sweep times showing decay kXinetics at 460 nm for the
systems: ch&orophyll a (1.2 x 10-5M), p-benzoguinone

(2.0 x 10~%M) in CBE (refluxed) at rm, temp.
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Figure 124, Oscilloscope traces at 10 and 50 sec full
scale sweep times showing decay kinetics at 460 nm for the
system: ch&orophyll a (1.2 x 107°M), p-benzoguinone

(2.0 x 10-*M) in CBE (refluxed) at rm. temp.






