Lawrence Berkeley National Laboratory
Recent Work

Title
DIELECTRIC LOSS AND FARADAY ROTATION AND PHOTOSYNTHETIC SYSTEMS

Permalink
https://escholarship.org/uc/item/2pj3b6hp

Author
Bogomolni, Roberto A.

Publication Date
1972-08-01

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/2pj3b6hp
https://escholarship.org
http://www.cdlib.org/

e LBL-1036
RIS YRV €
LAWRENCE a'—‘
AT a0 Ra fORY

CarlARY LN

SOUTUMENTS SECvU N

DIELECTRIC L.OSS AND FARADAY ROTATION IN
PHOTOSYNTHETIC SYSTEMS

Roberto A. Bogomolni
(Ph.D. thesis)

August 1972

AEC Contract No. W-7405-eng-48

N

TWO-WEEK LOAN COPY

This is a Library Circulating Copy
which- may be borrowed for two weeks.
For a personal retention copy, call

Tech. Info. Division, Ext. 5545

/Q:'

9¢0F-T1d'1



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



e

Dedication

-1i-

to my parents

tb*my wife Beatriz -

 to my son Martin



>

-iii-

DIELECTRIC LOSS AND FARADAY ROTATION IN PHOTOSYNTHETIC SYSTEMS & -~

~ Contents .
- ABSTRACT 1 | _ | - i
ACKNOWLEDGMENTS - o vid-

PREFACE | ) o e '-x_

I. THE PROBLEM OF ENERGY CONVERSION IN PHOTOSYNTHESISl'

GENERAL INTRODUCTION - = L S .‘ 1
A. Hiét¢rica1 Review I o o ]
B. iExperimenta] Observatibns - '._‘. |  ‘> 13
C. Current Theories B | ,”. ,f" Y

D. The Proposéd Experiment: Advantages and

Limitations - : e 23
Ii. EXPERIMENTAL TECHNIQUES AND PROCEDURES : 25
| A. Theory of Measurements ' ) : 25
1. Conductivity ' : : - 25

2. Bimodal Cavity Operatiohzvthe Microwave

Hall Effect . ‘ . 31
B. Instrumental o o "_' :‘38 -
1. Microwave Iﬁstrument ‘_' | ' . 38
2. Magnetic Field f R~
3. Lfght Sources 1 _ 45
4. Sample Holders - 'H' . | *f: 47
C.V Estimation of Expérimenta] Errbr " | ' - 49
- 1. Dark Conductivity Measurements | _ o o 49

2. Light-induced Measurements S '.: 50



IV. STUDIES IN A MODEL SYSTEM: THE ZnO-WATER INTERFACE

V.

D.

3.

4.v Biological Limitations:

S;v Instrumental Lfmitations_
Mate}ials

1. Chemicals

2._~Bid]ogica1 Material

3. Preparation_ofJCh1erop1ests .
4. SubcthrOp]ast Fractions .

-jv-

Contents>(cont1nued)

Light Intensities

LIT. MEASUREMENTSle STANDARD SAMPLES, SOME_PIGMENTSvAND

PROTEIN PIGMENT MIXTURES

A. Inorganic Semiconductors

B. Measurements on Pigments and Some Pigment Proteih

Mixtures

C. Benzene Solution

A.
B.
C.

MEASUREMENTS ON BIOLOGICAL MATERIAL
-~ A.

Introduction

The Electrochemical Cell

Photoihduced Microwave lLoss, Photocurrenfs, and
Luminescence Applied Voltage Dependence '

The Exciting'Wave1ength Dependence

Discussion

Dark Measurements

1.

Green Plant Material

51

52
52
53
53
54

56
57

58

58

60

60 -

64
64
66

68

79

79

85

89

90



ldd

. -v-

Contents  (continued)

2. Bacterﬁa] Chromatophdres

"B. Light Induced Effects

92
97

1. Photoconductivfty (Photoinduced Dielectric Loss) 97

2. Photo-Hall Measurements -
3 Quantum:Yield and Pjgmeht Units _ _
4. Effects of Some Chemical Agents on the

Photoconductivity

5. Photoinduced .Change in Dielectric Constant

6. Background Illumination Effects

.C. Discussion

~ APPENDIX I

APPENDIX II
REFERENCES

118 .

129

132

135

137

144



-vi-

 DIELECTRIC LOSS AND FARADAY ROTATION IN PHOTOSYNTHETIC SYSTEMS

- Robérto A]ejandndQBogbmo]ni o
Lawrence Berkeley L?boratory,
University of California

Berkeley, California -

" August 1972

A central problem in photosynthesis is the manner in which electro-
magnetic'fadiatfon'in the visible region of the spéctrum is converted
into chemical potential. Ear]y theQries prbposedﬁthat properties ana-
]oQoUs-to those-exhjbited'by'fnorganic bhdtocohduétoré might account
for the required separationvof.unit'pdsitivéﬁand.negativé charged
species. Previous éttempts'to detect such Iiberated chargg carriers
iﬁ phofoéynthetic méteffa]é héVe.produced 1h§oncTus1ve.resuTté.‘ 

An electrodeless méthod émpjdying micrbwéVe-téChhiqUes has been
used'successfu]Ty to detect light ihduced mobile chafge\carriers;_The
ﬁaraday-rotation at microwave frequencies has been detected and used to
.detefmine the signs and.Hall mobi]ities of these carriers.

Chérge carriers of both negative énd pdsitivé‘signs have been de-
tected with Hall.mobilities of about 1 cmz/vo]t—séc with quantum yields
between 0.1% and 1%. The photoconductivity acfion spectrum is similar
to the action spectfuﬁ:fbr photosynthesié, indicating_that the process
is sensitized by the‘same pigments. The}rise times 6f thé photoconducQ-

tivity are shorter than the response time of the instrument, 10'5 sec.
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fThe signals have-béeh oBserVed in saMp1es'of_intéct.gréen leaves,
ih'intéctAchlorop1asts and sub-cthrdeast fractions from Spinacea
~ oleracea, and from the photosynthetic bacterium R. spheroides and its
chromatobhores. The'sighaTs were.abseﬁt in‘a mutant of R. spheroides .
~ which lacks the reaction center pigments and is fncapabie of 1iving
photosynthetically. This observation provides evidence that the
generation of the photocarr1ers takes place either 1n the reaction
centers or in structures c]ose]y assoc1ated with them.

The activation'energies for the photogéneration of'thebmobile
charges are of the order of 0.2 to 0.4 eV. Superpos1t1on of pulses and
cont1nuous act1n1c 11gh¢ confirmed the ex1stence of traps

The charge transport propertiesvin photosynthetic materials are
consistent with a brocess invb]ving mu]tfp]e trappfng,‘possib]y in
association with charge transfer processes,invo]vﬁng'the primary donors
and acceptors. The-data are inconsistent with eérTjer probosa]s which
invoked charge migration through conduction bands. ‘

Measurements on wé11 characterizéd inorganic semiconductors, pig-
ments extracted from phdtosynthetic materials, and pigment—protein
complexes Were-pérformed and used as controls.

Photoinduced microwave'absorption and ]uminescence measurements
- on a Zn0 semiconductor- e1ectr01yte solut1on 1nterface 1nd1cated that

surface states exist and can be detected.

g,
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-~ PREFACE

| Life.ihﬁany of its facets fs'éxéitihg:tQ ahfinqufring mind.
Man,fas‘part 6f $UCh phenomén6n, isvprobab1y the most fntriguing

of a]f. 'The'essenCé of thé comp]éx machinery that is able to study
itself through the use of a process we'ca1]'”thdﬁght" - whose Very
nature ‘is beyond our present understandiﬁg - that cfeates new

elements unknown to nature before, as forms of art or mathematical

" abstractions, and sometimes produces its own destruction for no

other puhﬁbse than that of destruction itself, is paralleled in
grandeur by very few "natural phenomena". |

In a dffve'of abéo]dte‘insolehcé} man created science to
"disco?éf"'the rules that govefn‘suth natural phenomena. As a
reéuTt;'We have tdday_éome'Tawé that probably Natdre itself does
not abide with, and through nafura1 sciences such.as-physics and
chemfstry man fs trying to teach nature how things happen.

Among the abstract concepts created is that of "energy";la

-great deal of scientific effort has been spent in understanding

what we'fegard as different formsvof'suth an éntity.’ Undef the
present laws, fofms Qf'energy are interconvertib]e; and the total
energy of the unive?ée:remafns‘unchqnéed. The conversion proteéé
is sométimes Ca11ed_enékgy tfansduction.énd the systems'responsible

for that are called "transducers".
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L1fe systems as a who]e are energy transducers, energy is ab-
sorbed in several forms to be converted into chem1ca1 bonds or to

produce work The state of ordering that character1zes a 11v1ng

system requ1res a continuous supp]y of energy, s1nce it is a feature

of this strange machine to cont1nuous]y perform work bu11d and
destroy itself to rep1ace worn out parts. Energy is continuously

* degradedvto keep thefentropy constant.

There seems to be a unique internal currency of energy in living -

systems; it is the chemical energy Stored in an apparently trtvial
phosphate'ester bond in the molecule of ATP. Since life on earth
has only one supply of ekterna] energy, it has ]earned'to transduce
it 1nto'forms that ultimately could be converted into'such phosphate
bonds. Thus electromagnetic radiation from the sun is converted into
usable chemfca] potential by a transducer systempwhich we are still
rather far from understanding comp]etely | |

The study of 11fe systems has prov1ded other examples of energy
'transduct1on processes A]though none_has been completely unveiled
at present, in the deepest sense, a great»dea] of knowledge about
- them has been obtained in the past half century. Figure 1 shows
some of‘the known transducers._ The arrows indicate the direction in
, which they operate. Sometimes I ask myself whether production of
~"thought" through brain‘activity is not a form of energy trans-
duction, but in such case the question of which form of energy is.
“"thought"l shows me that our present state of knowledge is much
weaker than our insolence towards nature, and heTps me to commit

myself to continue searching for answers for as long as I Tive.
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phytochrome »regulatory

) pineal gland metabolism
vision brain photoreceptors . = hormones ?

. _ photosynthesis ,
: . bioluminescence

vision

oxidative
phosphorylation

-'hecring

| :
regulatory

¥ - electric potential : ; chemicals

H = chemical potential thermostasis : -
hv fielectromognghc energy - thermo-

W = work receptors

Q = heat

P = biological p

AS = entropy change

SOME ENERGY TRANSDUCERS IN BIOLOGY
XBL 726-4665

Figure 1. The biological transducers are shown in rectangular boxes.

~ Each consists of a complex molecular structure. Energy forms are en-

closed in circ]es;:'The‘definitiQn of symbols is given at the left of

the figure.



1. THE PROBLEM OF ENERGY CONVERSION IN PHOTOSYNTHESIS
"~ GENERAL INTRODUCTION =

 The brobiém of.énérgy tonversion in photosynthesfs has been re-
peated1y and vakioﬁs]y fofmu]atéa as more knéw]edge bf the overall
process Waé'étquiredQIThorﬁugh hfstofiCaT surveys of photosynthesis
are available in the literature, notably Rabinowitch (1945-1956),
and it is my 1niention in part A on]y\td introduce_arguménts Teading
to the present pfchre of the photosynthetic‘process, with special
emphasis on'thébenérgyconVérsidn.steps, |

The éxperfmenta1 obsekvatioﬁs arévpresented'in é more or less

chronological sequehce.. As much as possible, I have tried to separate
_experimenfa1 facts ffbmvspecu]ation. In part B, I summarize the
observations‘on "jg_gi!gﬂ syétéms at the time when this experiment
wés.pkbposed. Part Cvcdntains the current speculation to account for

the barticu]ar transducer that focuses my attention:
hv ————s Chemical Potential
In part D, I present the eXperiment and discuss some of the limitations

one could foresee before performing the measurements.

A. Historical Review

By the end of the last century, the process of photosynthesis was

regarded as,



light

co ~ (COHy) +0,

2+ Ha0

e p]ant‘ce11 -
R basic unit of carbohydrate.
The'ear]y work of Engleman (1881) and later w111st3tter et al. (1918)
‘_c1ear1y established the ro1erof Ch]orophy11 as a'contributing factor
for cérbon dﬁoxidé fixafibn; Ni]]st&ttef was a156vthe first to
approach the prob]em from the kinetic point of view. He found that
the time needed for the assimilation of a molecule of COZ'Was 20
seconds per molecule of ¢h1orophy]1 at maximﬁm rate. It was also
realized from their early experiments that, although the absence of
chlorophyll resulted in inhibition of the'process,'there was another
Timiting factor'independéht of chlorophyll preseht in photosynthetic
systems. | | ' | | |

© Willstdtter and Stoll (1918), and Tater Emerson (1929), working
on etiolated leaves and Ch]ofelia cells, respectively, found that
the rate of photosyntheéis could be very large in organisms with
very Tow Ch]orophy11 contents, eVen ﬁarger than for ofhers with ten
times as much pigment. Thus the concept of some.kind of limiting
enzymatic factor other than chlorophyll leads to the question of how
many molecules of pigment were needed per such factor to produce a
molecule of oxygen or to take up a mo1e¢u1e of C02. Emerson and
Arnold (1932) uti1fzing light in the form of short flashes found
the surprising result that for every molecule of oxygen evolved the
Chlorella cell suspension had about 2,500 molecules of pigment. At
this time a Tong controversy was initiated between the schools of

Otto Warburg and Emerson in trying to give an answer to the question:
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How many 1ight quanta are needed to produce an oXygen or to fix a
carbon diqxide molecule? Values of four quanta per oxygen obtained-
by Warburg (1922, 1954) cohjd not be reproduced By most inVestigators.
From the exberimentalvva1ues of 6 to 10 obtainéd'by Emefsdh (1941)
and many others éhd from thermodynéhic cbhsideratiohs, é value close
to 8 was accépted by1mbst. From these experiménts Emerson and
Arnold suggestéd'that some kind of system containing ébout 2,500
chTorophy11 molecules per enzymatic limiting factor was the opera-
tional unit responsible fdr the assimilation of a md]ecu]evof C0,.
The energy of eight'quanfa was coT]ected by the pigments with the
formation of some kind of unstable photoproduct effiCienf]y stored
at the enzymatic centef; when the necessary amount was co]]ected, a
‘molecule of C0, was absorbed or an 0, was released. Gaffron and Wohl
(1936) perfdrmed.experimehts with extremely low va]des for the Tight
intensity, such-that'a photon was absorbed every several minutes, on
the average, per ch]okophyl] md]étu]e. Contrary to any previous
supposifion, the rates of'oxygen evolution or CO2 fixatibn were
established with no lag ih time. The conclusion was that a large
number of pigment molecules cooperated in funne]ing‘the energy to a -
reaction center wiih high efficiency. The concept of the present
photosynthetic unit was born, and from then to the present time the
efforts of many investigators contributed to the elucidation of the
chemical étructurevof such a unit and:its dynamics. Studies using
organisms that do not evolve oxygen led Van}Nie1.(1931) to the'conc]u-
sion that donofs of reduciﬁg power replaced water in such system.
Water was regarded as one among several possible hydrogen donors.

This argument facilitated separating the oxygen eVbTving step from
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the CO, reduction. Gaffron's‘experiments,with hydrogen—adapted algae,
Which Were'1nduced;to_rep]ace:water for-hydrogen'gas, supported this
view. i :It'took some time untf1 Hi1l (1939) was able to rep1ace
CO2 by electron acceptors such as ferr1cyan1de or ox1dant dyes The
dark react1ons 1ead1ng to CO2 f1xat1on were c1ear1y separated frOm
_the Tight- dependent ox1dat1on of water a |

A feature of the h1story of photosynthes1s has been the strong
dependence upon techno]og1ca1 and theoretical deve]opments in various
areas of physics and phys1ca1 chem1stry. Thus, great momentum was
given in the forties to'the biochemistry of photosynthesis by the
intrbduction of vadioisotope tracers by Ruhen ‘and Kamen et al. (1941).

0xygen was proven to come from water w1th 18

0. The first attempts o
1, -

to study carbon paths wnth C were a]so performed in the early
forties. The discoyery'of carbon-14 was thevcruciajbstep for deve1op;
ment in the area of biochemistry'of €0, Fixation. Calvin, Bassham
et al. (1957) during that decade and the first half of the 1950's
c]ar1f1ed the dark react1ons 1ead1ng to the synthes1s of g]ucose

The 1nterest of exce]]ent phys1c1sts in the prob]em prov1ded new
ideas which Ted to fru1tfu|research.b Franck and Teller (1938) dis-
cussed the concept of energy migratfon in the photosynthetic unit,
following ear]y:suggestions of Gaffron (1936). By that time people
were inclined to think more 1n terms of diffusion of chemical species
thanvmigration of e]ectromagnetic energy among pigment molecules.
The experimental -evidence for energy transfer in other areas of
research:mas non-existent by that time. The Russian group of Terenin

(1940) and later Lewis and Kasha (1945) worked on the idea of a 1ong-

_11ved metastable e]ectron1c state, such as a tr1p1et state of the
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chlorophy1l or ch]ordphy]]Aprotejn¥1ipfd comp]exés'ig_ngg,.to'account
fdk the extfeme]y 1ow yier of fluorescence in vivo (not knoWn pre-
cise]y_at that timé) and‘the efficient transfer of excitafion energy
betwéen mo]ecu]es.without its loss as heat or chemistry. This is

tﬁé time in the evolution of the ideas in bhotosynthesis when specu-
lation began to rise in importance. Very often theokies for the
functioning of the photdsynthetic apbaratds, although physically
correct, were proven t@ be wrdng by the newly acquired experihenta]
evidence; Structura]_as.wei1 és functional evidence kept destroying
theories almost as fast a$ they were voiced. .Unfdrtunate]y,'Nature
dfd not choose the nice and'éasy wéys that We'might envision.

A carefuT Took at thé‘litéréfure.shbws an}aimosilincredib1e
wealth of experimental dafa‘thatjeSCApeé the capabi]ﬁties of a life-
time to kead.} Theories tfied to fit as mdch of sUch'experimenta1'
data as possible. The main diff{culty in using'éxperimental results
is the 9ariety of conditions under which the same.systems Were studied.
The ideal of the.bio]ogica1 experimenter is to study the 1iVing system
in its unperturbed condition. It is an unévoidab]e fact that the
process of measurement constitutes a berturbatiOn on the system. In
reality, in most cases ft is not only a perturbatibn. We destroy
life to aisentangle its mystéries} ‘QUite frequently the measurement
has very little to do with the 1ife process. It is a formidable task
for a"newcomer.td thé field to read the literature critically {n order
to separate the observer from the observab]e. NévertheTess, funda-
mental steps are relatively easy to locate. Such is the observation =~
made by Emersqnvand Lewis'(]943) of the sudden drop in quantum yield

-for photosynthétic activity at wave]ethhs.]onger than 700 nm. Why
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does not ]1ght absorbed by the p1gments 1n green plants promote photo—
synthes1s? It was aga1n Emerson (1957) who found rev1ew1ng early
* observations by Warburg, another surpr1s1ng resu]t a cooperat1ve
effect of light at re1at1ve]y snorter wavelengths with far red
radiation. The_tota]vy1e1d of photosynthes1s was larger than that
expected by adding the‘energies of the two iight sources. Thts en-
hancement effect and'the red'drOp effect are not found in bacteria.

Arnon (1951) found that ATP was produced in chlorop]asts by
light. Vishniac and Ochoa (1951) found that NADPH was also produced
by a 1Jght reaction, thus prov1d1ng the necessaryvreduc1ng power and
the energy needed to perform the COzvfixation, respectively;

At this point, three effective]y.separate processes.may be
sorted out from the energy.conVersion step: (a)boxygen evolution
(in green algae and higher pTants),l (b)‘phosphorylation and production
of reduc1ng power in the photoact (common to all photosynthet1c
organ1sms), and (c) carbon d1ox1de fixation. ' |

Measurements of important quant1t1es such as - the fluorescence
yier had to wa1t until rather recent: ttmes. Latimer (1956) reported
a fluorescent yield close to 2% extrapolated to zero light intensity.
The lifetime of the fluorescence,_which should ref]ect the efficiency
of the quenching process,‘is a parameter of considerab1e importance.
- Recent measurements for "in vivo" systems in chlorop]asts and algae

give values ranging from 0.6 to 1.5 x 1072

sec (Brody and Rabinowitch,
1957) which, when compared with a natural lifetime for the singlet R
excited,state of chlorophyll a of 1.5 x ]0;8 sec,.does not predict
the Tow VaJue of f]uorescence yield observed. The argument is that

‘the fluorescence yield is related to the lifetime in a 1inear fashion,
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prov1ded a f1rst order quench1ng process is assumed name]y Yie]d =

1n v1vo/
perfectly cons1stent w1th the f]uorescence y1e1d of 33/ the measured

11fet1me 1s}5 X 10»9.

natural’ Va]ues obtalned for ch1orophy11 a in vitro are
Therefore 5 x 1079/1.5 x 1078 = 0.33.

If two:different forns'of ch]orophyTl'a‘fiuorescent¢and a non-
_fluorescent'are assumed to‘exist,ftt is poSsib1e to fit theaobserved
discrepancy F1uorescenCe;yfe1d'is stronQTy'dependent UpOn'1tght"
1ntens1ty, 1nd1cat1ng 11ght saturat1on effects on the quencher

The role of p1gments other than ch]orophy11 1n photosynthet1c
organisms was stud1ed by Haxo and Blinks (1950), and Franck et al.
(1937-1960). Energy transfer from pigments such as phycobilins to
ch1orophyj1 Wasdclear1y'estab1ished., F]uorescence ehftted by chloro-
phy11, as well as photosynthetic:activity, e.q. carbon'fiXation; is
promoted:more efficient]y by‘light absorbed'by that acceSSOry piQmentv
than by ch]orophy]] a 1tse1f These pigments as well as the entire
carotenoid’ group are now regarded as - comp]ementary for energy gather1ng
at wave]engths at wh1ch ch]orophy11 does not absorb Mutants of bac-
ter1a hav1ng no other pigment than bacter1och1orophy11 performed
photosynthes1s with reasonable eff1c1ency,_thus showing that such
pigments are not essential. ”

New evidence on the_functioning of the photosynthetic unit was,
bvobtained by Duysens (1952)’and later Chance gt:al,}(lgsz), Goedheer
(1955), and Witt et al. <1955'>_'aug1-,n_g the 1950's. Light induced
absorbanCe'changes at different waveiengths were observed When light-
at the ch]orophy]] absorpt1on band acted upon photosynthet1c systems;
The study of the photochemistry by this approach y1e1ded va]uab]e '

~r1nformation concerning the 1ntermed1ate components of the e1ectron



:-8;
transferring-System. A light'induced absorbance~change at 870 nm was -
observediby Duysens. (1952). It Wasllater attribUted to some form of
ohotochemistry of bacteriochiorophyllg andvthe system'responsib1e for . .
that activity wasinamed P870. Cytochromes were tdentjfied as'ﬁnter-
mediates in the photochemica] steps, and a consideraole effort was
spent ﬁn-obtaining kineticvinformation Fast f]ashes were sent to
 the samp]es and the trans1ent absorbance changes were fo]]owed ‘Many
evanescent components, as Kamen (1963) ca]]s-the seemlng]y,dlsconnected
observat1ons, were available by the ‘end of the decade

The huge number of experlmenta] observat1ons was condensed in a
remarkable way by Hj]] and Bendall (1960)vby proposing a two—ljght-
reaction-in-series mechanism for the photo act in green plants and
green aTQae; The red aéﬁﬁ and'the enhancement effects are~exp1ained
in a verytnatura] way.in such a‘picture The location of the inter-
mediate components respons1b1e for the transfer of reducing power
'between the two photosystems was left for further work Thus some of
the evanescence was: constra1ned F]gure 2 is based on that series
~ formulation. ‘ | |

The work of the.1a3t decade has enriched that initial picture
with descriptions of new intermediates and their reaction kinetics.
Kok et al. (1956)7found”in green plants endia1gae absorbance changes >
at 700 nm which were similar tOjthe one at‘870 nm, in bacteria. The
component was deSignated‘P700.. Work of Clayton et al. (1963-1972) in
bacteria leads to the isolation of pigment-protein complexes containing
most of the Tong wavelength pigment’PSZO'(Reed and C]ayton, 1968) .

The 870 nm band isvcomplete1y bleached by.1light in this structure.
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Figure 2. Series formulation of photosynthetic electron transport with
special'emphaéis.oh the transducers;'_The fact that a two electron
transfer is;depicted'doeS'not_indicate that such is the correct mecha-

. nism; it is shown in that manner for stoichiometric reasons.
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The previously broposed'réactipn.éehter of the photbsynthétfcxunit
was final1y found The'ffactfdn’Of'the'pigménts ééﬁtainedvihfsuch
structures is called react1on center p1gment The remainder, which
also has been 1so]ated in some cases as a prote1n comp]ex (Thornberg
and O]son, 1970), is ca]]ed antenna or 11ght—gather1ng p1gment.

. The'stﬁdy of»photosyntheéis in'pﬁrpfe énd greeh,bacteria was a
decisive step in the undersfaﬁding of:the brocess of’ear1y photo-
chemfstry. The fadt-that.badterié]ﬁmutétibns.are féther‘easy to
produce‘éncOuraged:efforts to obtain §peé{es Withﬂdamaged or incom- -
p]éte.photosynfheticvstructures. Stahier and Sistrom (1961) prodUced
mutants of R. spheroides which were unab]e‘io ghbw photosynthetically
but apparently contained the normal amount of pigments. The lack of
the 1ight—induced:ab§orbance change at 870 nm ih this'organism was
regarded as further evidence forathe existence of a primary photo-
chemical Center, possibly avform of_bacterioch]orbphy]] absorbing at
that ane]ength; Mutants of-d]gaé 1a§kihg the 700 nm gbéorbance
changé Wéré also repérted.._Evfdehcévfor a-réaction center at the 0,
evolving photosystem has been found (witt, 1968), but no characteri-
zation of the chemical speciés is available yet; 'Current work at
Levine's Taboratory with algal mutahts with damagé at the oxygen
site might help to clafify this point. | |

'Use of the herbicide DCMU proved that inhibitioh of'oxygeﬁ evolu-
tion does not inhib{t cytochrome oxidation by far red light, provided
that an electron donor replaces thé oxygen evolving system. Oxidation
of cytochrome f by 670 nm 11ght is completely 1nh1b1ted in the

presence Qf DCMU. Studles of fluorescence in Ch]ore]]a have shown



. '—.”- .
that-inhibitors haye:én‘eftect‘on thevem{ssion intensfty,vsuggesting
thaththe:fluorescent species 1is the pigment fraction associated with
oxygen'evolution »fhe action of far redllight on the 700 nm AOD can
be subst1tuted by ox1d1z1ng agents such as ferr1cyan1de DCMU inhibits
_the 700 nm change (ch]orophy]] ox1dat1on) by short wave]ength light
when far red 1s subst1tuted by ferr1cyan1de These observations give
further strong support to the series scheme of F1gure 2

Structura] ev1dence is of maJor 1mportance in the understanding
of the photosynthetlc machinery.. The 1ame]1ar structure in chloro-
p1asts conta1ns part1c1es of d1fferent sizes. Some were 1dent1f1ed
as enzyme components Park et a] (1963) found small particles, about
100 A by‘160 R x 180 ﬂ w1th-mo1ecu1ar weight 2 x 106;,intimate1y
aSsociated with the membranenstructures - thylakoids - containing
most of the pigments and ab]e to perform the H111 reaction. They were
1n1t1a11y 1dent1f1ed as the photosynthet1c un1ts, and called quanta-
somes. Separat1on of single membrane forms_(stroma Tamellae) from the
compact membrane stacks (Qrena ]ame]]ae) invch1orop]a5ts has shown |
that the two 1ightvreactions are performed in the latter, while only
Photosystem I is present in the former (Park, 1971). Lamallae seen
in the chromatophores of photosynthetic bacteria might have evolved,
~with the incorporation of.photOSystem II, into what is found in
highervorganisms. Considereble effort is underway_in order to clarify
the function associated with the observed structures.

Very ya]uab]e'information on the molecular organization of the
pigments in several isO]ated structures was obtained by Sauer et al.

using circular dichroism:techniques. Bacteriochlorophyll molecules in
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_the reaction centers of-baeteria appeared tonbe‘trimensf(Sauer"t 1.,

T968) " The antenna pigments of a b]ue green algae (Ch]oropseudomonas >

eth211c ) might be composed of un1ts of four or f1ve mo]ecu]es embedded
in a pnotein matrix. Strong exciton interaction among the pigments

was found in such sbructures (Phi]fpson and Sauer, 1972). Evidence

for such strong 1nteract1on in the p1gment aggregates has been found

in 1ntact quantasome preparat1ons (Sauer, 1965). »

Crysta111ne ch]orophyl] absorbs at much 1onger ane1engths (745 nm
for ch]orophy]] a) than does the 12_3119_ p1gment H1gh1y dispersed
(Tow concentration) so]utiqns, in which chlorophy1l is in the monomeric
form, absorb at much shorter wave]engths; Thus, current thinking'en—
~visions the antenna pigments to‘be'in the form ef_eggregates of a
small number of’mo]ecules in a'protein-or Tipoprqbein environment.
Evidence from fluorescence depO1arization in ordiented structures
(E ug]ena ce1ls and ch]oroplast quantasome fracfions)_showed that the
main p1gment fract1on absorb1ng at 680 nm is very 1ike]y to be in an
array ‘with a comp]ex prgan1zat1on. Work on the molecular qrganization
will contribute tb rule out current (or introduce new) speculation
about the dynamics of these systems. A1l present efforts to deter-
~mine mo]eCuiar-structure rely on spectroscopic techniques, which in
a sense is the microscopevwe use_to "] ook" at the structures. A
significant step in dnderstanding_the structure-function relation
in biology would come when such a mo]ecu]ardmicrosc0pe could be
_coup]ed with spectroscopy. It is an unfortunate fact that our tech-
nical deve1opment is unable to construct an X-ray m1croscope w1th

resolution of atomic dimensions.
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B. Experimental Observations

1. StruCturaT"'

—The photosynthet1c apparatus is. 1ocated 1n membranous structures which,
with progress1ve evo]ut1on, are conta1ned in differentiated or-
gane11es The membranous structures are common to all photosyn-
thetic systems w1th severa] var1ants of organization.

QThe re]evant mo]ecu]ar’specles, p1gments, and electron_transfer‘
proteins; are contained in such'membrane structures in avdensely

:nacked enuironment. .MO]ecuTar transTational motion is highly
constrained. | | |

-The pigment~m01ecu1es show very strong“e1ectrOnic interactions Exciton

- sp11tt1ng due to ‘the interaction of a few ch]orOphyll molecules
is observed The_aggregat1on of the antenna pigments in some
_species might be an ensemb1e of small units containing a few
plgment mo]ecules | | _ |

-The p1gments can be sp11t 1nto two fract1ons in the form of protein
complexes. - Energy gathering complexes containing a few tens of
bacterioch1orophy11 molecules in bacterial chromatophores, and
photochemical reaction center complexes with just a few molecules

- of ch]orophy]] v' ‘ | ‘
v.ane of the two photosystems in. ch]orOplasts has been isoTated, and

corresponds to the’ apparent1y single photosystem of bacteria.

2. Operational

~About 2,500 chlorophy1l mo1ecu1esdare"neededvtovfix_a €0, molecule or

to evolve an O2 in higher systems.
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-Eight quanta are needed for such 2 process
-Four un1ts of reduc1ng power (4 e”) are produced at a potent1a1
_ around -0. 4 vo]ts Th1s fact is. common to a]] photosynthet1c |
systems The potent1a1 of the donor is +0 8 for oxygen evo1g1ng
organ1sms, and about zero for non- O2 evo]v1ng ' -

-Some: of the 11ght energy is 1ost rad1at1ve1y as f]uorescence the
1n v1vo f]uorescence y1e1d be1ng about 2.5%. -

—F]uorescence 1nduced by po]ar1zed 1nc1dent rad1at1on shows a 1arge

' degree of depo]ar1zat1on _ -

-The lifetime of f]uorescence is 0.5 x 10'9 sec. Ihe;natUral radiation
.Tifetfme'fon chlorophyll a is 1.5 x 1078 sec. There is strong
evidenoevthat the 1ight induced absorbancevchdngesjat BZO-nm in

- bacteria (purple bacteria) and at 700 nm in chloroplasts are the
result of photboxidatioh of the reaction center'pigment.. Mutants
of bacteria unable to grow photosynthetically‘but containing
apparently healthy antenna pigments_lack such absorbance changes.
The absorbance changes dre reversible in.bacteria down to temoera-
tures of 1°K. They are not_réVersib]e in oh1orop1asts.at Tow

temperatures.

Experimental facts which have been omitted in part A because they

‘were not needed for the gross view of Figure 2 are not introduced.

-In 1951 Arnold'andiStrehler found Tight emission in phofosynthetic.
tissues at times when the fluorescence should have been comp]eteTy ‘
excinct. It can be observed many seconds after an exciting flash.
The wavelength of the emission 1is identica1dwith that of the

fluorescence of the light harvesting (680 nm) ch]orophy11. The
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same‘phenomenoh has heen-obsérVed in bacterial chromatophores.
This de]ayed f]Uohescence'is regarded as-a heVehse proceés. It
s sfiTi-evidént with cdmparab]e.intensity at Tow témperatures,
indicaffng that at 1eaét'partvof it is ndt‘depahdent>on enzymatic
factor§; fhé’dgéay_of this radiatibhifollows a second order
decay ovek many orders of magnitudé in time. De1ayed'1ight _
emission at the same wave]ength can a]so be 1nduced hy action
of redox agents (F]eishman, 1968—197]) |
-Cohmoner; Heise and Townsend (1954-1956) found an EPR signal induced
by jight ih-photosynthetié material. Later ihis effect was
stud1ed extens1ve]y by Ca1v1n et a] (1958-1963) The EPR signal
is produced by 11ght, even. if the samp1es are dr1ed or frozen,
suggesting that the species respons1b1e for such an effect is
cdnnectéd with primary ﬁphysicaT" évents_intthe.photosynthetic‘f :
proéessQ} : R R B -
-In recéhtiwork in Bacteria, Féher;gglai. (1970), and separately,
| 'Bd]ton.égigl.v(1971)ush5Wed thai the paramagnetié'species is
very 11ke1y to be the cation radfca] of the reaction center
baéterioch1orophy11. The kinetiCs in the isolated reaction‘centerrf
particles is not ‘the same as in intact chhomatophores, but in |
every case the k1net1cs of the EPR s1gna1 are very closely corre-.
lated w1th that of the 870 nm absorpt1on changes. The EPR spectrum
shows no hyperf1ne structure The format1on of a rad1ca1 at one -
site 1mp11es that another unpa1red e]ectron w111 be either free
| “or form part of another radical species.
-Another radical signal. has béen detected in reaction center prebaraihn

tions:(Fehér,"1970), but it has not been identified with any
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chemicé] speciéé{ Thaf QignaT f$VYéry broad ahd hgs a ra;her:IOW’
| g‘§a1ueQ  Bdthﬁthe EPR sfgndTvénd thé aBQOFSancé:chanQe’areffeVQr-.
sib1evih bécteriai Chfométophores even'at 1iud{d he]iﬁm'tehpera-
tures. That is not the case ih'ch1dkop1asts‘where‘freezfng or
dhyfhg, "freezes in" the EPR signaf and the_ébsorbénce changes
(Bolton, 1971; Andfqes,_1963).. |
-Measurements by Chancé'gz_gl. (19665 and by:Parson ggpgl: (1968, 1969)
with'laser.excitation;vshqwed that the first electron donor to
the ch]orophy]i cation is very probably a cytochrome mb]ecu]e.
This oxidation of the bytochrome is température-depehdént from
. room temperature to 120°K, the_ha]f—reaction times being 2 usec
and 2 msec reSpective1y§.below'su¢h temperature the reaction rate
is témpefature 1nsenéitfve. 'The activation energy is 0.14 eV. ‘”
-The first electron recepfgr has not yet been'idehtified. |
-A shift in the absorption wave1éhgth at 515'nm‘deteéted by Witt et al.-
(1968 and aTso studied by‘FTeishman and Clayton (1968) has been
attributed to the effect of a light-induced electric field (108
volts/cm) 6n thevcafotenoid molecules (Stark effect). Part of
such a shift cah be seen even at 1°K. The voltage across the
thylakoid membranes has been estimated to be 250 mv;vahe onset
tihe for the fields was estimated to be’]es§ than‘]O;8 sec
(Witt, 1969). |
-Substéncés which are known to affect the permeabi]ify of membranes . to-
“ions are also effective inhibitors of the carotenoid shift. The
de]éyed light emission; and the process of photoproduction of ATP

seem to be related to such trans-membrane fields.
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-Aﬁ interesting effect of én;e]ectric field on the de]ayed Tight emis-
sion has been reported.‘ Arnold (1970), and later Ellenson (}971),v
~ have shbwn th&f_an eiéctkic'fie]d applied to a suspensidn of
 ,»éh]qrop]ésts increases.the intensity of dé]ayed'f1uoreséence.
The'physiCa1 integrity of the thy]ékoid»membrané ié_eSséﬁtial

for the effect.

ffdmzthe EPR !g AOD experiments, it seems that the p}imary photo-
chemiséry‘is tﬁe production. of an oxidized ch}oroph&]]'radicai. It
is not clear how the charge transfer takes place, or how to explain the
series of chemical redox reactions that follow among membrane compo-
nents that are fixed in position. Mo]ecu]ar’cbllision,chemistry does
not apply fn this sifuatioh7 Distinction between membrane-bound and
unbouhdvcdmponents is essential for its interpretation.. Thevsystem
it is;clear1y in a "solid state" matriX'where chafge'migrates in some
form. Alfhough light absdrbed.by reaction ceniér pigments promotes
charge splitting very‘effitiehtly, it.isvnot knownvhow the system
operates under normal conditions, g;g. wHenltHe'antenna system is the
energy dondr. It could well be that charge and not excitation energy
'is‘transferred to fhe fea¢tion center éomp]ex. These considerations

are already part of the speculation that_fo1]ow5;‘”

C. . Current Theories
SpécuTation‘to account fqr the energy conversioh stebs has promoted
very useful research and helped to formulate the problem in more pre-

‘cise terms.
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 The ho tol;oonverter is envisioned’as shown tn Figdre 3 _ Cepture
of a photon by any of the antenna p1gments resu]ts in the exc1tat1on
of the whole ensemb]e through a process of energy m1grat1on The
times 1nvo]ved would- depend upon the mechanism of transfer Two
possible ways are current]y considered. A dipo]e induced dipole
mechanism postu]ated by Forster in the 1940 s wou1d result in a de-
pendence of the rate of transfer as “the 1nverse 6th power of the
separation between molecules. The typical rate,of transfer is about
10'2 sec™! and the optimal separation about 70 K. The other mechanism
is based on the strong 1nteraotion between molecules in an ensemble
that leads to'exoiton'1evels.(§gy;end Pearlstein (1963, 1966, 1970;
Robinson, 1966). Thus, the overiapping of the e]éctron wavefunctions
causes the excitation of any-mo]eou1e’to,be immediate1y delocalized
and shared by all the neighbors. "Depending on the strength of the

1 to.10" sect.

interaction, the rates of transfer may vary fromt10]2

Tne distanoe‘between moTecu1es ranges from 5 to 15 ﬁ.n The dependence

on separation distanCe in this'model goes as the interse 3rd power.

Fluorescence depolarization and fluorescence yield data strongly

support rapid migration of excitation emergy. It can be seen that

either of the two mechan1sms would assure a 1arge number of transfers

within the lifetime of the excited state, as measured 1n V1VO ’ :

facilitating the trapping at some phatochemical center by a collision '

process. - | |
The trapping of excitation at a photochemical form of the pigment

at the reaction center follows. Such trapping centers would be respon-

sible.for the fast and efficient separation of an electron (reducing
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Figure 3. Current scheme for the.funCtioning of thé:hv+u converter.

a) A photon is absorbed by an antenna pigment mo]ecu]e.} b) Energy
migfates; t)'Energyiis tréppéd at.a photothemical_réaction center
compféx; R.C., wheré chargé separation occurs. d) An e]ectron'énd a
hole are produtéd,_and a sequencé of_é}ectroh transfer reactions begins

among several membrane bound donors and acceptors.’
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chemical potential) from a hole (oxidizing_potentjai).in the protein-
pigment compléxes. Ciose assbciatioh wfth.a donor:and'An acceptor
induces’charge transfer by fdhneling.or semiconduction. The tuhne]ing
mechanism is favored by the teMperature insensitivity of the process
below 120°K. However,'the,]arge.activatioh energy at higher tempera-
tures cannot be accountedifor'by the tunne]ing.mechanism unless large
vibrationé or conformation‘changes'of the dbnpr or aCceptor molecules
are postulated. o | _‘ o
~ This mechanism for the development of chemical keducing power from

light can account for most of the observables. For insténce,.the fast
rising é]ectric fie]d reflected as a shift in the absorption peak of
carotene molecules at 1°K might be the result of the primary éhgrge
separation;vthe associated fields {n'the mo]eéu]arvenvironment could
be very Targé. The absorption changés and the EPR signals are other
indicatibnsvof that primaryvphotochemistfy. o

The emission of ‘delayed fluorescence in green material has to be
accounted'forvin this méchanism as resulting from the existence of
some kind of metastable state in the light hérvestihg_pigménts.

Following early suggestions of Szent-Gyorgyi (1941) and_Katz
(1949), several investigators, notable Calvin and Arnold, speculated
on the possibility of using argument§ then currentTyAemployed in the
field of solid state physics of semiconductors. KnoQ1edge of semi-
conduction properties of organic pigments was almost nil at that time.
Nevertheless, some interesting features of a solid state type argument
for the interpretation of the process were:foreséen. '

The solid étate mdde]s envisioned thai the photon energy which is

harvested and funneled to the special sites leads'td,the creation of .
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an e]ectron'? hb]e'pair By v1rtue of the mo]ecu]ar organ1zat1on of
the prote1ns, ]1p1ds and p1gments in the re]evant un1ts, they are
cons1dered to posseSS‘some sort of. co11ect1ve e1ectron1c structure
'.wh1ch prov1des the pathway for the m1grat1on of the photo11berated
charges S1nce the mob111t1es of the e]ectron and the hole may be
qu1te d1fferent these mode]s have the attract1on of providing a
mechan1sm for phys1ca11y separat1ng the units of charge and thereby
separat1ng the primary un1ts of reduc1ng and oxidizing power
Should these rather “free" charges ex1st effects such as changes

in the d1e1ectr1c propert1es of the mater1a1 can be expected Stem-
ming from these suggest1ons, a number of exper1ments,1n various
laboratories were des1gned to test such effects Arhd]d and Sherwood
(1956) stud1ed the res1st1v1ty and thermo]um1nescence of ch10rop1asts,
and Arno]d and C]ayton (1960) stud1ed the delayed 11ght em1ss1on,
spectra] changes and photoconduct1v1ty in chromatophores of

R. phero1des It was conc]uded from these experlments that separa-
tion of pos1t1ve from negat1ve charges was respons1b1e for the
"uobserved effects | |

Extens1ve_1nyestigations on the conductivity of pigments related

to the photosynthetfc apparatus have been carried out in several
llaboratories.since_then, by:Rqsenberglgt;gl, (1961), Terenin et al.
(1959—1965), and B1ummehfe1d'61970)'“'M6revrecent1y, a study of the |
sem1conductor propert1es of films of chlorop1asts and chromatophores
of bacter1a by Litvin et a] (1967) showed that the Tight 1nduced
changes in conduct1v1ty of these.nateria1s are tndeed»sensftized by

chlorophyll, and they estimated a relatively high quantum yield.
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Since ho va]ue fof the mobilities of the cérrfers éferavailab1e from
directvmeasruemenfs;;it was fmpossib]e to establish the correct drder
of maghitude,for quﬁﬁtum yields. | | .

Whi1é a]1‘the'experiments mentiﬁned above are 1hdeed suggestive
of the existence of charge migration conhécted‘tb the primary eVents,
they are by no meahs concTusive. Mdsf'méésurements}were berforméd
by conventional methods.which reqUire thé»bfesénce,qf_eTéEtrode5§  If
any free charges were Tiberated in the'phofdsynthétic structures they
would be réquﬁred to traverse mahy'membrahés and'1éme11ar cohponénts
to reach the electrodes. This.is a‘demand far from that which might
be expected to occur in their normal functioning. Thus any charge
produced at the centra]-sftes would be remotely related to the observéd _
effects. "By means of thevcondénser method devé]Oped by Terenin and
Putzeiko (1959), attempts were made by McCEee to detect‘free charges,
in a‘vériety of-matefia] rAnging from ch]orop1ast§'to a who]e Jeaf,
with hegative results, thus'tendihg tolku1e out the.procéss of charge
transfer in photosyntheSis:i Tﬁe'CondenSEr'méthod'has the advantage
“that it avoids the use of electrodes énd, therefore,'e1im{nates the
pdssib]e charge injection at the e1ectrode junctioh, a fact that has
been repgatedly pointed to as a possible pitfall in the.previdus
measurements . |

Theories for fhe'functioﬁing of the photosynthétic eﬁergy tther?
sion, based on the relative position of the m-r" and n-r" levels in

different fdrms of thlorophy]1 were developed by Franck et al., and o

resumed in the paper by Franck, Rdsemberg éndvWeiss, Jr. (1962).

Sincé'thefé is cohsiderab]e evidehce that such a model is not supported
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by new exper1menta] observat1ons, I will only refer to it as one of
the remarkable examples of very 1nte111gent specu1at1on on the

ava11ab1e data.

D. The_PrepOSed”Ekperiment: AdVantages‘andeimitations

" The strongest evidence against theSUSe of the so1td state models
was based on the apparent]y Tow quantum yields. I feTt that these
exper1ments were st111 1nconc1uslve If the charge mlgrat1on takes
place in small regions, as‘shou]d_be expected, the measurement of
photoconductivity at very high frequenctes would give a more realistic
p1cture of the s1tuat1on, because the d1ffus1on 1ength of the charge
carr1ers dur1ng one per1od of the acce]erat1ng electric f1e1d becomes
of the order of the 1ntermo1ecu1ar d1stances in the. photosynthet1c
apparatus Therefore, I dec1ded to 1ook for free charge carriers, if .
any, by means of an e]ectrode 1ess method the measurement .of photo-
induced die]ectr1c ]oss at mlcrowave frequenc1es. ~This method has
been used in the past to perform studies on inorganic photoconductors
and spectral sensttizatidn of photoconductivity by Terenin (1965).
Microwave techniques also provide means for a complete characterization
'of the charge carriers through measurements of the Hall effect. . The -
sign and mobility may'be obtained directly, thus‘providing conc1usive
data for}the eva]uationhef quantum yield. Portts Si.él: (1958)
deve]oped a microwave method for the‘measurement of the Hall effect,
and it was_then'uSed for the study of phqtocdndUCttvity in PbS and

~ CdS and'for'measurement of  Faraday rotation (Teaney (1960). Later,

Teaney, Klein and Portis_(1961), using the same technique, developed
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an e]ectron paramagnet1c resonance spectrometer wh1ch is bas1ca11y
the e]ectron1c arrangement used in the measurements reported in this
d1ssertat1on | o | » “
Measurements of Ha]] mob111t1es in prote1ns and DNA by means of
this techn1que have been reported by Trukhan (1966), and a very |
recent report of measurements of the action spectrum of microwave
photoconduct1v1ty in green photosynthet1c materials by B]yumenfe]d
(1970) coincides very closely with measurementsvalready obtained in
this work. : | | o |
The main limitation'that‘mayvbe foreseen is of‘a:b1010oica1 sort.
The rather unphysio]ogical state of the samples (in the dry state)
- might raise skepticism aboutvthe biological meaning of such measure-
ments. The fact that pr1mary processes such as . cytochrome oxidation
or light 1nduced absorbance changes occur in such cond1t10ns encourages'

the performance of the experlment.
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II. EXPERIMENTAL TECHNIQUES AND PROCEDURES

A.» Theony-of'Méasurements

1. Conductivity

The measurements of conddétivity'at micfowéve'freqUencies consists
of méaSurﬁng‘the fmagihary part of the complex die]eCtric constant
that characterizes the‘bhopagatﬁén of e1ectromagnetic‘radiatibn

through a conductihg medium.
e = e+ de" v o (1)

The 1ma§inafy part;ve", represents'the 1bsses due to all mechanisms
that contribute to the conductivity at thé'applied frequeh;y. " The
real bart,.é', determineé the ve]btity'of the radiétion in the medium.
Both parts are frequency—dependent. It can be Shown that ¢" = K %-,
where o is the_cdnductivify, W is_fhe applied fradiéh frequency, and
K is & constant that dependsvupon.the system of units used. In our |
éase, K=1. In opfica] measurements‘sf is proportional tb the quantity
usually knqwn as absorption coefficient, and e' is related to the index
of refraction. | |

For performing such measurements,ii is assumed that a sample,
Tocated at a site in a cavfty resonator where the electric ffe]d is é
maximum aéts only as a sma]]lpertUrbétion._ Thus the field configura-
tioﬁ'differéion]y'slight1y from that of the empfy cavity. The

differente in the real part of the die]éctric constant between sample
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and vacudm will induce a shift in:frequency of'thé'résonatbr'given by:

. o 2. ,
fi-f s S ETdy _
1 . 0 _ 2el . s (2)

where v and V éke the volumes of the sample and the cavity, respectively,
and a¢' is the change in the real part of the die]ectric constant. E is
the electric field. . |

The quality factor of_a'resonatbr; defined as

energy stored x 2nf,

Q= — .. (3)

~average power dissipated s

is associated with the losses due to the finite conductivity of the

metal that constitutes the walls of the empty cavfty. When a sample

is intrqddced into the cavity, the change in Q due to the sample losses

is given by |
o 2

_ ‘ ﬁ.E dv : -
O
1 0o , fvE dv o :

where Q] is-the new quality factor, and Ac" is the change in the ima-
ginary part of the die]ectric constant. The measurement of Q provides
the data to evaluate Ae" and, consequently, o, thé conduétivity. |

The ratio of inteQra]é:
o= e | (5

is usually called the fi]]ing factor. It can be evaluated for the mode

of excitation of interest, giving typically
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mo=C %- P -~ (6)

' Two‘éyTindrica1 cavities were used in this'Work°’a TEo]T operated
1n the ref]ect1on conf1gurat1on, as dep1cted in F1gure 4, and a TE”1
which was used as a transm1ss1on cav1ty, and will be descr1bed in
in part 2 | | |

A theoret1ca] ca]culat1on for the f11]1ng factor for a samp]e in
the form of a th1n p1ece of cy11nder 1ocated at the antinode of the
:e]ectr1c f1e1d in a TE@}] cav1ty is given in Append1x I. The result
_shows that the radius of the cavity, .a, the cav1ty : he1ght, d, and
the_sample'hetght, h, should sétisfy certain conditions to hermit an
exact'evaﬁuation of'C "If h/d < 1/10 and the sample is located at

= 0.58 a, the theoret1ca1 value for C is 4. 2.

The samp]es were not in the form of a p1ece'of_cy11nder but in
the form of a thin disc. Therefore_the previous calculation provides
only an approximate value for the filling factor. Taking advantage
of the fact that the thin disc geometry is ideal for the TET]] bimodal
cavity, fer which there is a theoretical calculation of the filling
factor by von Au]ock and Rowen (1957), I performed’measurements of
‘the conduct1v1ty on the same sample in both cavities in order to test
experimentally the filling factor value. v |

The average of ten measurements resulted 1n a va1ue of C= 3.0 %
0.4; therefore, the va]ue of the f1]]1ng factor that was used in the
calculations was. |

n = .0y, " (7)

and the samp]es were standardized to a radius of about 3 mm, wh1ch is

close to d/10. The filling factor for the TE111 cav1ty was calculated
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Figure 4.  The scheme. shows the lines of maximum E and. H fields for the

TEg11 cavity.' P> the‘incidentvpower,vis a constant; therefore any B
- photoinduced power absorption by the sample is measUred'as»a deéréase .

in reflected power, Pp, by the crystal detector, X.
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from von Aulock and Rowen's work resulting in

."1‘:_.]?9\\7,"_’,. . | | (8)
provided the sample is in;the’form of a'thin disk7having a radius
sma]]er than one ha]f of the cavity radius.

The Q of a cavity may be ca]cu]ated from the bandwidth at ha]f

power of the absorption curve of the resonator, Af,:“

f

where f, is the resonance frequency, and K a constant that depends on
thel]osses in the system thaf couples the resonator to the microwave
circuit, _ _
The value of K for the TE,j, cavity is K = (1 +8), giving

 f

G = +8)gF o (10)

where g is thé-éoup]iﬁgxcoefficient.v Thé~empty-cavity unioaded Q,
was‘abouf 10,500. , |

It can be shown that g is related to_the Voltage Standing Wave
Ratio, VSWR = r.. For the undercoupled case, B = %~,’overcoup1ed case,
8 = r, where v | | | _‘ |
I is the reflection'coefffcfenf} It ié the measured quantity in my
| experimental arrangement}'iThe'readings from‘the reflectometer are
obtaihéd.as values ofvr.;:A conversion table givéé the values of B.

It is important to know whether one is in the undercouplied or the
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overcoup]ed:sftuatioﬁ.v The distinqtion is:Very sfmple.in'the'caSé
wheréfthere is a v&fiab]e'couplfng'meéhahfém such a$]a die]edtrié
stub that effective]yven]arges'the.coupling iris for microwaves, or
a_piece of metal that acts as an antenna to couple power from the
waveguidevinto the.cavify. Such a dé%qsition’has;pfovidéd in
the TEO]i cavity. The bimodal TET]]_cavity which had a:fixed coupling
at the input, was constructed to be always-in an undercoupled

situation. Detailed treatment of the subjett of micrdwave'measure-

ments is given by S1aferv(]946); Birnbaum (1949),'Feher (1957), and
Ginzton (1957). |

The value of K for the bimodal cavity {s;

~
1]

o068 (1 + 31)(1v+ 112 . 2

giving

g,

0.64 [(1+8))(1+ 5,12 2 (13)

provided By S Boo which was always the case. Typida] values for g~
were By = 0.16 and By = 0;06 - 0.18. The empty-cavity unloaded. Q
was 5,500. | |

The conductivity of a sample o, is. given by:

R TETR Y A AN T R
oos —— ol lygla (14)
9x10m & "0 BT . v

where Qo is the empty cavity unloaded Q; and Qs.the quality factor

with the sample in place, f  is the resonant frequehcy and n the

0
- filling factor.

The:photoconductivity is measured as a change in reflected (or‘

transmitted) microwave power, P,, when light is impinging on the
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sample. Provided the changes arevsma11, 2;93,'é%*=s10-3, the fractional
change in conduct1v1ty, or sens1t1v1ty, is re]ated to the fractional

change in ref1ected power as fol]ows

,TE01]: (reflection)

oy 22 =
(+2) (1+e)[Q Q]QOO (15)
= reflected- : T
TEqyq: (tranémission)

AP, ]

($2) = lpg _2)[—-——Jo;,c (16)

? -transmitted 1 S

Whenbacking'matenia]; such_as‘stybfoam, is;uéed ﬁe eupport the
sampie,.the values of Qo %6 the formulas should be rep]aced,by Qb; the
qua]ity factor with the,supporfing;maﬁeria1 in p1aee. It is assumed
| that the backfng materia]-pentunbs very 11tt1e the cavity field dﬁsfri—
bnfion F1gure 4 depicts very schemat1ca11y the field distribution

for the TEO]] cav1ty and the measurement conf1gurat1on

2. Bimodal cavity operation: the microwave Hall effect

The theory of operation of the bimodal cavity has been given in
great detail by Portis and Teaney (1958), vThe'Qeneral formulas given
below have been taken from their work The formulas that apply to our
part1cu1ar case have been. taken from the work of Snowden (1960) . M1nor
changes are 1ntnoduced.to_agree w1th my exper1menta1 arrangement; e.g.
Tinear detector insfead of "square_]aW", and'the units. -

" The bimodalucaVTfy is a,TE]11_Cy1indrica] camity excited simul-

‘taneously ﬁn two orthdgonal modes which, in the absence of asymmetry,
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are degenerate in frequency, coup]ing and qua11ty factors, i.e., the _
electric f1e1ds are equa], In such a .case the m1crowaves 1n the.
cavityvare 1inear1y bonrized F1gure 5a shows the wavegu1de and '
cav1ty s field d1str1but1on

Due to asymmetry ‘and 1mperfect1ons, ne1ther of the above condi-
tions is fulfilled in the actual case. The mxcrowayes are e111pt1-
cally po1arf2ed due to differences in the;freqUencies and phase angle
between the two modes . Eour'metaljic}b1ugs,'1abe1ed 1,2, 3, and 4
in Figure 5b,:pr6vide a'sdurce of'exterhaIVcapacitance; which affects
the mode frequencies ahd'phase ang]és. vAfter proper tuning with the
capacitive piugs a 1inear1y‘po1arfzed field may be obtained.

The 1inear1y po]arized fie]d‘mey'be regarded as the resu1tant of
two components oriented at 90° with respect fo eéch ether They are
labeled x and y in Figure 6b; The 1ntroduct1on of a piece of resis-
tive material at posit{eh-S; wh1ch “introduced Ioss in the,mode X,
would resu1t}in an effective rotation of the piane of polarization
of the resultant cQVity field. Two resistive p]ugs at positions'S
‘and 6 are provided for'che purpose of rctatihg the‘Cavity'fieldS;

The electric field of the input and output'wavegqides are made‘
to be orthogonal to each other. In Figure 6a, where the cavity fields
are po1arized in the horizontal direction, if the output Waveguide'
field is in the vertical direction, no microwave radiation shou]d
couple thrbugh. It is séid that the cavity is in its “halanced"
conditioh. A

| A sfmp1e explanation of how the'bimodal'cavity provides a
measurement of the Hall mobility is as follows:- A resistive p]ug'#S

is introduced which induces a rotation ﬁh the plane of polarization,
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Figure 5. ‘Bimddal'cavity TE]1]. e ’ oL 7254582

a) The b1moda1 cav1ty is shown in a 1ong1tud1na1 section along the z axis.
Power is coup]ed into the cav1ty from the narrow face of the waveguide at
the left, which is short-cwrcu1ted 3/4 wave]ength from the coupling iris.
For s1mp11c1ty, on]y the magnet1c f1e1d lines are shown Microwave power
is coup]ed out at the broad face of the output wavegu1de at the right.

The dots depict the magnetic f1e1d 11nes, wh1ch are perpendicular to the
p]ane of" the page and consequent]y orthogona] w1th respect to the input

wavegu1de. ' b) Transverse section show1ng the four capac1t1ve and two

resistive plugs.
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Legend to Figure 6. . Microwave Hall EfFect measurement

a) Transverse section at the center of the TE”1 cayity showing the
bd]ance situafion, The radiation is 1fnear1y po]ariied. Oniy the
ma*imum 1ntehsfty e]ectric'field 1iné fs shdwh-fbr'simpIicity The
output waveguide on]y coup]es through m1crowave radiation w1th e1ectr1c
field components in the vert1ca1 d1rect1on Therefore no power is

detected at the output wavegulde.

b) The horizontal field is decomposed into two orthogona1 components,
x and y. The arrow shows the effect of the resistive plug #5, which

introduces losses.in the mode x.

c) The resultant field is effectivé]y"rdtated¢ The vertical component
produces power coupling into the output waveguide. The tavity-ié said
to be in'a resistive unbalance. The fields remain linearly polarized

under this type of unbalance.

d) Shows the current, j, induced_in a sample by the microwave electric

field.

.e) A steady magnetic ffe]d, H, is applied in the‘direction perpen-
“dicular to the plane of fhe‘page; The Lorentz fdrce acts on the‘
‘moving charges; the currents are forced to oscf]]ate at an angle 9 =
pu-H with respect to the applied electric field, u‘is the carrier

mobility. The situation is depicted for holes.

f) The result is an additional rotation, which is observed as an .in-
crease in .coupled power. The effect for electrons Wou]d‘be a rotation

towards balance, with a consequent decrease in power coupled through. -
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as'showhkin ngufé 6¢ﬂ ‘This rofﬁtfon is seen at the output waveguide
as an amount of coup]ed power propbrtiona]‘to the-éompdhent_of the
fields ih”thé vertical direction. ThiS'coupledvbbwer will be 1abé1ed,
P, in the formulas. This initial unba]ance which results from a'rotaQ
tion of the cavity electric fields is cé]led'a re§istive unbalance.

A magnetic field is applied in a direction perpendicular to the
plane of'the'page and pointing towards it. If the sample has charge
.carriers, the magnetic fiéidei1i aétlupqn the currents produced in
the sample by the microwave electric field. The Lorentz force makes
the currents oscillate at an ang]e with kespect_to the microwave
fields. 'fhis is a Hall angle éH = uB where fsvthe mobi1ﬁty and B
the magnetic induction. The rotated currents will proddce a radiation
fie]d-ih'the direction of the current, resu]ting in a‘further rotation
of the fields in the cavity, when it is added to the applied field.
Figure.6d and 6e show thié action fof holes. A magnefic field in the
6ppbsité:direction would induce a rotation in the reverse sense. The
rotation for holes is seen at'thé output.waveguide as an increase in
coupled power, Figure 6f. The reverse field would result in a decrease
in coupled power. . Knowledge of the'ihifial position of the cavity
fields and the direction Qf the applied magnetic field gives unam-
biguously ‘the Signbof the charge carriers. The fractional changelﬁnﬁ”
'coup]ed poWerkiS»relatéd to thé Hall angle and hence to the mobility.
It is emphasized that an initial rotation must,bé ihtroduced‘in drder
to determine the sign of the carriers, and.that for a pure rotation
measurement it is.only the fin phase" component-bf the vertical com-

ponent of the microwave fields with respect to the applied field that
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~is measured. The initial rotation intrbduced by a resistive plug,
accomplfshes:this latter requirement.

Thé.uhba]ance'power,is re]atedvto the mobility by;'

p. = 72 'A% pH A (.],7)
2 [(]+3])(1+52) '
where AP2 is the change in coup]ed power, P2 1s the 1n1t1a1 unbalance,

H 1s the app11ed magnet1c field 1n Tes]a (Weber/m )s n is the mobility.

inm /vo]t sec. “is deflned by
P, o . :
, 2. _ .2 . . (18)
.m ~fsm 20 _ » » .
>
where szax is the max1mum poss1b1e coup]ed power, it is measured by

| completely unbalancing the cavity with a meta111c p]ug In that case
the fields in the cav1ty are c1rcu1ar1y polar1zed the vertical compo-
nent being equal to the horizontal, giving the maximum possible
coupling. For small coupling, it can be_éhown that

| pmax 1/2

cosec 2 = ["ZP 7 ; - - (19)
| P T o

The effect of a sample on tﬁe cavity has been studied.by'Teaney”and |
Portis from the point of:yiew of the equiva]ent_circuit of lumped
elements. Thus the sample is characterized by a complex 1mbedanée

that in the genekal case i5 a tensor quantity. The resistive unbalance
for such a situation gives for the fract1ona1 change in coup]ed power

(very small coup11ng)

Aiz _ 2.cosec 26 P’ W 4 nyR”yx 1-1 1 ) x Yy

2 [(1+B])(]+62)1/2 R S T B2 R
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- 1+8, - T+e, ) = R (20)

The:firsi te}mvis a“fotétion term that has th components, the.first
due to sahple anisotfopy“and'the seéohd'due to the off-diagonal ele-
ments?bf the ihpedénce fehsor. The seéohd fermbis a measurement of
the deCrease’fn cavityvéxcifatibn'dué to the finite resistiVity of
the'samp]ét The third has the same meaning but for fhe off-diagonal
é]émentsvof thekfesfstiQity.'fih the absence of a magnetic field and
for an isotropfc 5amp1e the first term is zero. Where light is intro-
duced a power unba1ance‘probbktidha]‘to the photoconduttivity of the
sample iévdetécted._”lf the sample is nof iSotropiélor the illumination
is not berfect]y homogenépﬁs,'a spuriqus rotation due.to the first
term would also contribhté_to the signa]. »

When a magnetic fiéfd islappTied; it j§ dn]y_théudifference
between the off-diagona1 cbmponents Of:the‘impedanée tensor that is
responsﬁble for:any excess unba]énce,_ The second term would not be
affected.byvthe magnetic fjé1d unless an effect such as magnetoconduc-

tivity is considered.

r r o

| Since 4%5 =.é% , and —%L is given directly by the unbalance due

' to the magnetic.fie1d in Eq. (20), the Hall angle o = B is given by
the ratio: | | ' o

) . . _. :.. '. . -] v
Ty /R : APZ/P2 _ 12.¢osec 26
W = Y,—‘V-/—R'- . — 172 (21)

y O a0/Q ) [(1+ey) (148y)

arcov'redrrangcment of the exprassion above. It is clear from these
. conéiderations that the excess unbalance introduced by the magnetic

field with no i1lumination gives thé.mobi]ity-and_Sigh of the dark
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' charge.carriérs. The sign and mobi]ity bf fﬁé.ph¢t6¢éfriéré is ob-
tained from the excess Unbalance.introduded by thé.magnetit field
which will bevadded-to or subtracted from the normal photoconduéti—
vity signal whichvis present'simu]téneously. This is'accomp1ished

wi thout compliéationQIWhen a lock-in technique is used. A signal
produced byviight modulation is synchkohodé]y’detécted; then a hagF
hetic field is applied in bétﬁ direcfions. The_eXcess signal deter-
mines only the contrfbutiénvfo the rotation due to the photdcarriers;
since only the modﬁ]atedvcombonehf of the rotation signal is'ﬁeasured
by the lock-in amplifier. Some of my measurements were done in fhiS‘
fashion. Oh]y an average value for the mobility is'provided by this
method. If there are equal ‘numbers of charge carriers with differenf
mobilities, this measuremént.provides a value equal:to the difference
in mobility.. The situation becomés more complicated whgnvthere are
charge carrigrs in différentvconcentrations, having diffefeht life-
times. Pulse techniques‘provide in this case a deeper insight into
the problem. Thevtfme evo1ution of the photoconductivfty'and rotation

signals might resolve the several components.

B. Instrumental

1. Microwave Instrument

Basically the measurement of the photoéonductivity and thé-Ha]].;
effect cqnsfstvof measuremgntﬁ of'chaﬁges in microwave power inten-
sity. A-ﬁimble microwave detector diode at the output of the bimodal
cavity, or at the reflected-power arm of a direqfiona] coupler, as

shown in Figure 4 for the TE,,; cavity, would provide such a measurement.
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Such was actually the arrangement that I used 1n most of the prelimi-
nary measurements | v | |

The simple system has many Timitations and as it is customary in
the field of mfcrowave measurements invcauities, I built a microwave
bridge. | .

The full descriptton_and ana1ysis of the‘bridge is given by
Teeneyizk]ein and Portis (196]). Very few modifications were intro-
duced to'the:origina1 system. They inoluded thezrepiacement'of a
mag1c tae by a microwave ferr1te c1rcu]ator the use of Gunn diode
osc11]ators for some measurements 1nstead of klystrons as local oscil- |
Tators, and the automatic frequency lock between the main and local
osci]]ators.

A brief description follows: Microwave'power>was generatedoby '
an ultrastable X-band 056111ator.(Laboratory for Electronics, 814.A,
Boston, Mass.). The power reflected by the TE611 oyltndrical‘cavity
was sent, via a ferrite circulator, to 2 superheterodyne recefver. '
The frequency of the oscillator was automatica]iy adjus ted to‘the
cavity frequency by a conventional servo-mechanism A fraction of .
the power provided by the main oxcillator was d1rected to a buck1ng
’arm, which was also used as a reference for relative power measure-
.ments. ~The Tocal oscillator was a Gunn diodef(Intradyne oD 45_wv, Pa]o.
Alto, Ca.), which was automaticaliy tuned 60 Mstebove.the main oscf1-f_
lator.by e servo-mechanism. The receiver used a.LELV(Varian N. Y. ) |
balanced 60 MHz mixer-preamplifier. The resultant 60 MHz s1gna1 was
sent to a dual phase-sensitive detector. A fract1on of the m1crowave

power provided by the oscillator was directed to a second LEL balanced
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m1xer in order to obtain a coherent reference vo]tage for the 60 MHz
phase sens1t1ve detector. The phase of the reference vo]tage was
adjusted by a microwave phase sh1fter at. the ma1n osc111ator 1nput
to the second mixer. | | (
The superheferodjne rece1ver was des1gned and built in colla-
borat1on with M P. K1e1n and Branko Leskovar, and is given ‘in the
Lawrence Berke]eijabqratory schematics 10X- 1540 P-I, 1550 P-I and
1721 P-i. The Gunn asci11ator aucomatic frequency lock is described
in the Lawrence_BerkeTey Labcratory'schematics 10X- 1651 P-I.b. |
The coup]ingicoefffcfents.Werevobtained by measurements of fhe
reflection coefficient.' A ref1ectometer;arrangement isvproVided in

the cav1ty arm of the c1rcu1ator The 100% reflection is calibrated

by rep]ac1ng the cav1ty by a short. A Hew1ett-Packard 16A Ratiometer.

1nstrument prov1ded_read1ngs of percent reflectionvwhich were con-
verted to coupling coefficient values by combutation. hProvision was
also made for frequency markers forvthe measurements of the cavity Q.
The Tocal Oscf11ator”wasﬁfrequency_mOdu]ated and some of its power,
taken via a 20 dB doupler, was intrdduced through another 20 dB |
coupler located immgdiateiy aftervthevoutput of theimain oscillator.
When the frequency.of'the lTocal oscillator cdincfded with that of
the main oscillator, the beat frequency sfgna]:appeared'in the scope
as a small pip; sjgnaTs above and below that-are spaced at'thenmcdu-
lation freduency and provide che necessary calibration (details are

given by Snowden, 1959). The main oscillator was frequency swept by

the sawtooth of the scope. The cavfty absorption Signal was observed

in the reflected power detector of the reflectometer. Measurement of
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the width at ha]f power prov1ded the va]ues for the loaded Q's. The
' measurements of Q performed 1n that way were reproduc1b]e to about
20%. F1gure 7a shows a typ1ca1 cav1ty absorptlon trace. To 1ncrease.
the accuracy of these measurements it is rather s1mp1e to obtain the
 derivative of.the absorption sjgnai from'this”arrangement, and the
peeks en-fhe deriwatiwe give the freQueney'pOSitiohs,with.mofe pre-
Cisfon; For a berfect]y_Lorenzfan line shabe-the width at half power

is re]ated'td the sebaration of therpeaks'in the derivative by

Avyyp 7 vﬂ'Av(1nf1ect1on)

The Gunn ost{ITeter was freqUenCy modulated to a depth of about 1/4
of the'caVify% width at half pbwer,vthe.vo1tage for the modulation
being provided by the reference ofva'PAR JB¥6V(Pfihéeton Applied
Research, Princeton, New Jersey) 1oek in amp11fier A slow sawtooth,

1072

Hz, was super1mposed on the small modu]atlon The ref]ected
'power from the cavity was samp]ed as before and sent to the lock-in
s1gna1 channel. As the Gunn oscillator was swept s]ow1y through the
cavity, the Tock-in outbut was seht tb‘e reeohder and provided the
derivetive.of the cavity absdrptioh, The celibnating pips, this time
obtained by modulation of the main kystron,.appeared‘also at the out-
put of the Tock-in amplifier giving the neededece1ibration. With this
- technique an,accuraey of a few'percent was 6btained. A typica1‘trece .
is. shown in Figure 7b.: | | | | ‘  | |
~ The buck1ng and measurlng arm was: prov1ded with a microwave PIN
diode switch that has a response time of 10 -8 sec. _Th1s dev1ce was

used as_a source of microwave modulation when the lock-in technique

~ was used for light-induced effects, such as photo-losses or photo hall
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Figure'7.v ) Typ1ca1 cav1ty absorpt1on trace as. seen at the rat1ometer
output. b) The der1vat1ve as obta1ned at the lock 1n output

The ca11brat1on beeps are 4 MHz apart in th1s examp]e
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moht1ittés* Inrsuch.cases the“m{crowaves in the'branch circuit were
100A modu]ated by the PIN d1ode by the same pu]se generator that
drives the 11ght chopper The phase of th1s s1gna1 was turned 180
degrees-w1th respect to the sqgna] comyng from the cav1ty, SO that it
was possible to'ba]ance the lock«infamprffer reading to zero. This
method prov1des a d1rect read1ng on the ca]1brated attenuator of P |
ref]ecteo A second PIN dlode was located in the ref]ected power :
arm trom'the cav1ty. In some cases a ”Rep]acement;method" was used
to measure the modulation depth introduced_by'the sample .absorption.
That was the case {nemeasurements of Hall mobilitiegewhere smaj]
changes‘in COup]ed power are to be measured. .Since the parameter in
’ that measurement -is the modulation depth,’AP /Pé,lthisvwas'a very |
convenient_procedure F1gure 8 shows the typical arrangement for the
reflection cavity The transmfss1on bdmoda1 cavity was coup]ed to
the system by remov1ng the c1rcu1ator, as shown in Flgure 8b.

‘A signal averaging computer replaced the 1ock 1n amp11f1er in
many measurements. ‘The instrument was a Northern Sclent1f1c, Madison,

Wisconsin.

2. Magnetic Field

A 12-inch magnet with a gap of aBOUt 2 inches}was powered by a
modified Varian V 2100 power supply prov1ded w1th a polarity reversing
switch. Magnet1c f1e1d intensities were determ1ned ‘with a Bell 240
-Incrementa1 Gaussmeter. The calibration values on the Hall probe
were taken as correct; The magnetic fie]d.wasvswept by a Hewlett-
Packard low frequency tunction generator{ The fie]d could be swept
in intervals of aboutp2.51kgauss.- The maximum fteld available was

11 kgauss.
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Figuré 8a. Microwave instrﬁment; The description is given in the fext.
The k]ystron-]abé]ed L.0. (Tocal oscillator) was replaced by a Guhn
osci]iator_for'the miérowave Hall éffect measurementé. .Modification'

of the system at points-makked 1 and 2, was reduired for the attachment

of the bimodal (transmission) cavity, shown 1n'Figure 8b.
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- Figure 8b. Modified arrangement to 1nsert the bimodal cav1ty Points -

marked 1 and 2. correspond to those in F1gure 8a.
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| 3 L1ght Sources

PuTsed light is 1ntroduced 1nto the cav1ty by a quartz Tight-
pipe The T1ght source was a 650 watt Tungsten-iodine Tamp with a
f1Tament temperature of 3. 400°K (GeneraT'ETettric, CTeveTand, Ohio)
chopped by a stepp1ng motor (ModeT'SS—TOO, Cedar Engineering;
Minneapolis, Minn.). The motor was driven by a Tektrontx 160 pulse
generator unit. L1ght puTses vary1ng from 6 to 100 msec in width
'were obtained,1n this way. The rise t1me for the 6 msec flashes was -
about one msec. The deTay between puTses had a minimum vaTue of 10
msec and coqu be extended to severaT seconds. Shorter puTses (0.7 -
2 msec)‘were obtained by using a rotating disc chopper. The fastest
flashes were.proyi.ded by a 50 joule Xe flash unit (I.L.C.,
Sunnyvale, CaTifornia)_that delivers 5 jouTes of:white'Tight (between
400 and‘700 nm) per flash. The duration of each.fTash is about 20 psec
at 1/3 of the peak power, and the 1ntervaT between fTashes can vary
from 200 uSEC to severaT seconds. S1nce not more than 107 of the
total ava1TabTe light was coTTected, an upper limit of 0.5 joule per
flash was available. Measurements of 1ight energy atvthe saine site
Qave 0.1 jou]e/flash as an upper limit due to Toéses in the light
pipe, reflections, etc. : |

Monbchronatic Tightvwasvobtained'by meanstof‘interference
filters that gare a rather poer resoTutibn (+ 20 nm)?bUt enough
light to make_the-measnrements posaible.p-The Tnfrared radiation was
filtered by'5 cm of HZOTpTusia Corning'1459 gTass fiTter

A Baush and Lomb grat1ng monochromator w1th automat1c scann1n§

w1th a 900 watt Xenon Tamp (Osram, West Germany) prov1ded about 101°
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photons/cm2 sec w1th a bandwidth of 5 nm. Some measurements of the
action spectra in p1gment samp]es, as we11 as measurements described
in Chapter;III, were performed with automatic scanning of the 1Jght
wavelength. The 1ntensify provided by this source was not sufficient
for measurements in most bioTogical samples | |

A passively Q sw1tched ruby 1aser was used for the rise time
and saturation exper1ments - A solution of a dye was used for Q.
switching; giving at besf a pair ofn30 msec pu1ses.spaced over
several microseconds. The estimated intensity of the Unattenuated
beam was'about 2/3 Joule/flash at 694 nm. |

One msec f]ashes’were provided by a camera strobe (Cornet ]00,
R. Bosch Inc., West Germany). Abdut 2 x'10-2 Joules/flash of white
light were available at the'strobe output. Cd]jectidnrof the light
was not very efficient due to the small area of the light-pipe used
to fntrbduce 111umihationvinto'the.eavity. ‘I estimate that only 10%
was collected at the Tight-pipe input. Infrared was filtered with a
Corn1ng ] 59 g]ass fi]ter and monochromatic 11ght obta1ned with 1nter-
ference f11ters Measurements w1th a s111con photoce11 (51020 Inter-
national Rectifier, E1 Segundo, Ca.) in place of_thevsamp1e.1ndicated

-3 Joules of white

a total energy over the 1 msec flash of about 10
light. The measurement of the Tight intensity for the flash sources
is rather difficult to perform since the voltage output of the photo-
cell gives values proportional to the light power input. Therefore,
time integration of‘the scope traces were necessary to obtain the

total energy in the light fTash Neverthe1ess, the values are correct

to a factor of about 2 or 3. Since no conclusions will be 1ntroduced

-needing more prec1s1on the va]ues given are suff1c1ent1y accurate.
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4. Sample Holders

The samples were 1ecated?in4p1ace by means ef a styrofoam suppoft
~ which at the same time was part of fhe temperature-regu]afion system.
The styrofoam cohtained channels for the flow of nitrogen. The tem-
perature ofvthe gas was regu]ated by servomechanism. To measure the
temperature I 10Cated.a'Cu-constantaﬁ thermocouple atethe flow output
as it cannot be located inside of the cavity for tethnica] reasons.
The maximum'temperatufe difference between the samp]e sife and the
moni toring position was meaeured and never exceeded 2°C (Figure 9).
A samp]e of po]ycrysta111ne CdS was at all t1mes conta1ned in
the cav1ty and could be 111um1nated a]ternat1ve]y to the exper1menta1
sample, thus proy1d1ng.a reference slgna] originating in the same

cavity. If I~expre$svthe results relative to this signal; namely

. (A O‘/G‘)Sam]e - (Ag) .
(80/adegs 9 rejative

a comp]ete independence with respect to variations in the instrumental
constants is obtained. This procedure was very useful in the tempera-
ture measurements to avoid erro?S'dUevto chenges in the cavity Q
resulting from changes in the temperature of the wa]]s or acc1denta1
accumu]at1on of condensed HZO v |

| A var1ety of b1o]og1ca1 spec1mens were tested. They incTuded
whole leaves, ch]orop]asts and subch]orop]ast fract1ons, photosynthet1c
bacteria and the chromatophore fraction 1so1ated from them.

The samples were,mounted between m1croscope cover glasses and’

sealed with parafin, as shown in the fo]]oWing side view:
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Reference
sample.

Reference
window

- SAMPLE HOLDER -
XBL723-4589
| Figure 9. The two halves of the styrofoam support are ShOWn,separate1y.

The protectiVeAwihdow was a piece of quartz coverglass and it is not in

place in the diagram for simp]fcity.
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samp]e

\j]aiss covers”

Iparafin seal

In th1s way the shape of the spec1men was that of a very: th1n disc.
Po]ycrysta111ne material was simply. mounted between ‘the cover glasses
to obtain a 1ayer as th1n:asvposswb1e; In every case the samp]es

~ were opaque_to yisiblevlight;' Leaf,samp]es were cut_to‘avz mm by

2 mm size and mounted between the cover glasses in a similar way.

C. Estimation of EXperimenta].Errorv, )

1. Dark conductivity'Measureménts

The main 1nstrumenta1 source ‘of error in these measurements are
>the values of the w1dth at half power in the cav1ty resonance plot.
'The beat osc11]ator ca11brat1on, a]though very prec1se, is not the
11m1t1ng factor. The width of the pips and the re]atlve instabilities
of the swept klystron intrqduced a large dispersion in the va}ues ob-
tained after successive measurements. A reprodUCibility of about 30%
vis a reasonable estimate. Pp;itioning the samp]e severa1 times td
test'the extent'of this source 6f’random‘error‘Shcwed'that“it was
possibTe.to reproduce values better than.theeerror.in.the Q measure-
ments when the styrofoam holder was.nsed. 'The presentation of the
| derivative of the‘cavity absorption’curre'permitted a reduction of

the uncertainty in Q to 3-4%.
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The uncertainty in the values for the filling factor could make
all my measurements in error by at most a factor of 1 5 when the
T,011 cavity was used ‘This systemat1c error wou]d app]y to a]most
all my samples. Calibration of the f1111ng factor was made by
measur1ng ‘the same samp]e 1n the TE]]i cav1ty for which the f1111ng v
factor for a f]at-dlsc—shaped samp]e-1s well known. The 11m1t1ngv
factor in the measurements 1s the volume of the samp1e, wh1ch enters |
‘the calcu]at1on_of thetf1111ng factor. The uncerta1nty 1n the sample

volume is almost 100%.

2. _Light-induced Measurements

Measurements were_mostTyvperformed'using_COmputer averaging
techniques or~1ock-1n detection. In both the averager and Tock-in
systems'the main contrihution to the noise was the Tow frequency
m{crophoniCS : Unfortunate]y, in these measurements the time constants
involved were of the order of 1 Hz. Detect1on at such Tow frequenc1es
is very unfavorab]e for noise e11m1nat10n If a 1arge:number of
scans were poss1b1e 1n the averager or a large t1me constant in the -

Tock- 1n, th1s source of noise could be overcome. - The other sources

of noise, such as frequency 1nstab111ty of the osc111ator or the
typical 1/f no1se, were much sma]ler than the m1crophon1cs It is
interesting to note that the part of the m1crophon1c noise 1ntroduced
- by changes in the'resonance frequency of the cavity due to strain or
other mechanical factors is ]arge]y suppressed by the automat1c fre—
quency contro] sys tem. Therefore, the error is est1mated in a]]
measurements:for'the particular cases and’ 1nd1cated in the form of
vertica] lines 1n the p10ts, or as the 1ast significant f1gure expressed

-in’ the va1ues quoted
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3. Light Intensities

'hTherlfght'intensities were measured with a Silicdn photocell
(S]OZO,“by International Reettfier Cd., El Segundo,.Ca.)_iocated at
the sample pdsitiona it was previous1y ca]ibratedhagainst a thermo-
pile over the whole spectrum.' It was a]sp celfbrated for the
three typical sources of:white light USed:'a 3,400_K.soUrce’(quartz
iodine tdngsten souree),”a'2;800 Kx(tunésten'fi]ament-1amp) andva
Xenon ére, In these casesfthe,energy of white incident light will be
expressed in watts/cm2 When mOnochromatic light was obtained with
1nterference f11ters, the ]1ght 1ntens1t1es were expressed in
photons/cm *sec. The energy of the photon at the center of the
bandwidth was used for the calculations. In 311 these situations in
which a continuous source was used, the error in the light inten-
vs1t1es is never larger than ]0~20% S1nce Tight pulses were obtained
by chopp1ng these sources, the ca]cu]ated energy per pulse has the
same 11m1ts of error L1ght 1ntens1t1es were var1ed by means of
Kodak neutra] dens1ty f11ters previously ca11brated ina Cary 14
Spectrophotometer | o |

When fast f]ashes from Xenon f1ash 1amps or laser source was used,

the s1tuet1on was worse. Saturation of the light detectors was en-
countered very often. The ektreme]y'1arge peak'powersldeveloped by
these sources were- attenuated to reasonable values for the detectors
by means of neutra1 density f11ters prevlous1y calibrated. I estj—
mate that the actual values for the light 1ntens1t1es of the Xehon
flash are within:about + 50% of*the values reported. For the laser
the va]ues.cou]d'be offhby»a factor of 3 or 4. Due to'this uncertainty,
values frem the 1aser'experiments aré-used-on1y fdr order of megnitude

calculations.
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4. Biological Limiiations
- Biological systems are characterized'by very?]arge random
varietidns. ‘In theée_experiments I found no exeeption to the rule.
Conductivifies varied by factors as 1arge as 4 or 5 in'sampies of .
the seme batch The same comment applies to photoconduct1v1t1es |
By contrast, the va]ues of kinetic parameters and thenna] activation
energies were qu1te reproducible in different samp]es DisperSion

~in the values of activation energies was about 204.-

5. Instrumenté] Limitatibns

The noise power, Pﬁ, is contribUted.main]j by cnystaT detector
noise and fnequency micropnenics’fnom the microwave generator. The
latter is more relevant when the circulator bridge is used, as the
frequency dependence'Of bridge unbalance is the 1imiting factor
When the bimoda] cav1ty replaces the bridge, the 1arge 1soiation
that may be achieved and the fact that ba]ance is essentiaiiy
frequency-independent, the noise power is reduced to the detector
quality. | | | o

The Sensitivity of the instrumenteused in my measurements has
been studied in detail by Teaney, k]ein and Portis (1961), and esti;
mation of the sensitivity 1imit_for'the bridge, asSOming a béndwidth
equal to the high frequency Timit of 1 KHz (equal value), gives for

5 for

P/P, =1y where Ps 1s the power in the signal, a limit of 10°
&P,/P,. By means of averaging techniques it is possible to improve
that value as /f, whene n is the number of passes added in the :
computer averager. The lock-in arrangement greatly increases the

sensitivity by reducing the bandwidth. That was the_reason to use
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if fpr meésurementé of éction épectra, whére'there was no néed for
tfme resolution. |
The bimoda]véavitvaifh the'sypefhéterodyne detector at values
of fso]ation'(Pgax/Pz) of 80 dB gives a lower measurable Timit of

2 cm2/vblt-sec for the mobility at aifield of 104 gauss. .

10”
f It is of interest to know the ultimate limit of sensitivity that

- could be:achieved if the noise power were réduced to zero (g;g, by

infinite time aVeraging). The sensitivify of the $uperhéterodyne

0"]6

detector is about 1 watts and, since it is a linear detector,

&Y [AEJ]/Z (Feﬁer, 1957). At an incident power of 0.1 watt, this
R

-8 as a lower limit.

givéS_AQ/Q =10
The time resolution is limited by the intermediate freduency
amplifier bandwidth to 5 x 107 sec. In measureméntsIWhen the auto-
matfc frequenqy cbntro]vis,réquired; the tihe reso]utionvis given by
the stabilizer modulation frequency. In my case it was 60 KHz, giving

10"4vsec as a lower limit.

D. Materials

1. Chemicals

Ch]orophyll'a: Chromatographjcally purified chTordphy]] was kindly

provided to me by Dr. A. Schultz"(Sauer et al., 1966).
BacteriochTorophyl1: Obtainéd from Df. A. Schiltz.*
Chramatographiqqlly-purified~methyf éhiorophy]iide was obtained

from Dr. H;'Tributsch (Tributsch,*JQSQ).

*The pigments were purified inﬂ1966, and kept in a desiccator in the

dark.  I used them without fdrther-treatment during 1969.



Eosine (Y) and g-carotene (all trans) from J. T;~Baken, New Jersey.
, Rhodamine b was obtained'frqm_Matheson, Coleman & Bel], New Jersey.
BoVine_serum a1bumin=was ebtained from Armour Pharmaceutical Co.,
,Chicago, 1. Al the above compounds were used w1thout further puri-
f1cat1on for- the microwave measurements

Polycrystalline CdS, reagent grade, was from Baker & Adamson, New

York; PbS Reagent, Baker & Adamson New Yonk' Cu20 reagent grade, from

A]]ied Chem R New Ybrk S1ng1e crysta]s of undoped Zn0 were obta1ned

as a gift from Dr. G. He11and Techn1sche Un1vers1taet Aachen Germany .

2. Biological Material

Bacteria: Rhodopséudomonas spheroides '

' Four different strains of this bacteria were used in fnese measufe-
ments. The_norme1'wi1d fype purp1e stnain, a'green mntant lacking
some carotenoid pigments (Cohen-Bazine, Sistrom and‘Stanier, 1957;
Griffiths and Stanier,. ]956), its caroteno1d1ess blue green mutant
R-26 (Crouse, Fe]dman, and C1ayton, 1963), and 1ts non photosynthet1c
mutant PM-8 (S1strom end Clayton, 1964).

Wild‘type B;_sgherofdes was grown in a modified Hutner's medium
(Cohen, Sistrom,.and:Staniety 1957) and harvested at the end of the
exponential growth phase. Strain_R-ZS.Was grown according to the
method of Sistrom and C]ayton‘(]964).in a yeast extract medium (Cohen
et al., 1957). Strain G.A. and Tts'non—photosynthetic mutant were
grown following Sistrpm (1960). |

 The preparation procedure to obtain chromatophores was standerd
for 511 mutants as follows: The bactefia were harvested by centri- 7

fugation and washed twice with 0.1 M Tris-HC1 buffer, pH 7.8. For



1akge ?o]Ume cuiture§'the harvesfing-was pefformed ih4a_continuous
flow Sharb]es centrifuge. 'For'sﬁa11 VoTuﬁeS a SorVaf ﬁB-Z cenfrifuge
was used. After'harvéstihg, the_cé11§vWére eithef étored at 0°C and
USedvfor measurements or fukther processed to'obtaih chromatophores.
| AN 6perations‘from this point wefe perfonned at temperatures
c]ose;to.bdc. _Theitris-waéhed cells wéré resuspended in about five
times their wet volume of 0.05 M Tris-HC1 buffer, pH 7.8, which was
the buffer used for the rest of the proqedure. The suépensibn was
either passed twice through an Aminco-Franch pressure cell af

20,060 psi‘or'sbnicated at 20 KHz for 5 minUfes at a nominal power
of 70 Watts in arsonjbator (U]trasonfts, Ihc.,'Mode1 W185, Plainview,
New Jersey). The resu]ting suspéhsion wéS centrifuged at 20,000 x g
for 30»mindtés to remove cell debris. The:supernétant was resus-
pendéd‘in buffer ahd centfffuged in a Spinco L2,centrifuge in a

*%Ype 50.1'r6tok at 144,000 x g for 90 minutes. This Tast centri-
fdgation'wa§ repeated twice. The resu]tfng pe?]et was either removed
with a spatula and mounted in the usual way between cover glasses
for-measurementS’in the wet state, or resuspended in buffer. If

the suspension was nbt opticél]y clear, the material was sonicated
under the same conditioﬁs as above'and.centrifuged'at 20,000'x_g.

- The ;1eén supernétanf was used for testing absbrption spectra,
photoindﬁced EPR'méasdremeﬁts and phdtoinddééd absorption changes-
neéded for a éomp]etevcharactefization of the materia].. Dfpps of
“the spiution were deposited on thé cover glasses and allowed to
evaporate under a flow of dry hitrogenvgas; Th{s pfocedure,yje1ded

optically ¢lean films. In order to increase the amount of sample,
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the operat1on was repeated up to ten t1mes, such that a stack of
layers was depos1ted, _
Two alternative methods.were used in'order to7obtain.1yophiiized
: samp]es ~The so]ut1on was d1rect1y 1yoph111zed and the resu]tant
material mounted between cover g]asses under a dry n1trogen gas -
atmospherevand sealed w1th parafin; or the ehromatophore pe]]et
was taken with a spatu1a mounted.in_the cover gTass and'then lyo-.
ph111zed and sealed w1th paraf1n » | | o H
Bacteriochlorophyll content was determ1ned from the clear so]ut1on
1

absorbance. An ext1nct10n coeff1c1ent = 127 mM 1 cn ' was used

(C1ayton, 1966)

3. 'Preparation of Chloroplasts

Spinach (Spinacia oleracea, var. early hybrid Nodf7);was‘gr6wn in

vermiculite in a growth'chahber under controlled conditfons similar
to those of Sauer and Park (1965);'1ﬁght'intensity was  approximately
3200 fec in 10 hr 1ight/14 hr.dark cycles, temperature = 18°C, |
leaves harvested six to e1ght weeks after germ1nat1on " The leaves,
r1nsed with cold d1st111ed water and ribs removed were then stored
at -20°C for 10 min. Ten g of leaves was homogen1zed 10 to 15 sec
~in 50 ml of 0.5 M sucrose, 0.1 M tricine pH 7.6 buffer in a war1ng
blendor at 0°C. The resultant homogenate was stra1ned through 8
layers of cheese-cloth, centrifuged at‘]OO g for 10 min and the
precipitate was resuspended fn 1 ml of 0.5.M sucrose, 0.05 M tricfne;

'pH 7.6, and stored at 0°C.
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4. Subchloroplast Fractions

‘Subch]oroplé§t fractibns were isolated by_the;mgthod of Park
and Pon (1961). 'Thé:600 x:gvfkactidh was used as chloroplasts iﬁ
the eérly‘experimenté."Thé’Jéhseh.and BaéSham (]966) method was
used Tater'for intact chloroplasts. No differen¢é was:observed-‘
between intéct and brokénvchiorop]asts in the microwéve measurements.
Therefore broken preparatfons were used most of theltime. :The'
vtypiqa] tdta] amount 6f chlorophyll in the ch]orop]ast-sémp1e was
0.02 mg/Samb]e. Thé typica1 amount of thdrophy]l contained in-the
leaf samples was about 0.08 mg, measured.as deScribed by Vernon
(1960).: The subéh]oroplaSt specimen was the 145,000.x‘g-fréction-
from.Park and Pon, and will be‘referrgd‘to as 1ahej1ar fragments

or quantasome aggregates in the experiments.



II1. MEASUREMENTS IN STANDARD SAMPLES SOME PIGMENTS

AND PROTEIN PIGMENT. MIXTURES

A. 'inorgenic Semiconduotors
I performed some measurements on samples for which microwave

parameters are évai]éb]e in the 1iteréture;_ The results oo such
standards are summar1zed in Table IFA N - |

| For some of the samp]es, the observation of pu]sed photoconduc-
-tiv1ty was performed here for the_f1rst time, as in the oases of CdS
and Zn0 single crysté1$.7 Data.on.Pbsjwas avai]able from Snowdeh
(1959). Dark mobilities for polycrystalline Zn0 and cazo are re-
ported bydE1ey.(]970) asv90 1_15%ACm2/vo1t sec and 54 1;15% cm2/
volt sec respectively. Trukhan. (1965), reported 11O + 40 cmz/vo]t sec
for a po1ycrysta111ne sample of ZnO and that was probab]y the first .
t1me a microwave Hall effect was observed in such .a samp1e

2

Portis (1958) reported values of +10 ¢m® volt sec for the

mobi]ities for Cu20'in polycrystalline form at room temperature.

The same author obtained values around 200'cm2

volt sec for the.
photomobility of polycrystalline CdS..
The agreement of my'data with such measurements is satisfactory .-

considering the variability in oomposﬁtion of polycrystalline samples.



Table I-A. Standards

sample | oy, |DXCifation | a0 vdark (N vpaght (2)
._Q;‘.cmf] ‘.nm"' | } | cmé/volt sec ~en?/volt sec
polycrystalline | 1073 500 | 1071-102 | -250+20% | -200 + 50%
om0 | N .
single crystal | 107% 38 | 5x107° | -90+2% | - -8+ 15%
undoped | | Ll ' | |
I R ERR T 50 | 8x10® 204805 | -
“polycrystalline I . - _ o
RS 0% | 70-90 | 1072 S 4174408 | 450 + 50%
polycrystalline - AR A : - b L
om0 1 q02 9073 380 | 1073 -85 + 50% +50 £ 50% |
polycrystalline . ' . .80 + 50%(3)

(1) and (2): The dispersion in the values is due to variability among several samples. The reported
value is an average over several samples.- (3) Some ZnO polycrystalline samples yielded'pogitjve

hotomobilities and some negati;s_onesgwithin~the'reported range. (4) Standardized to an incident
Jight intensity of 10-3 watts/cme. R s

-6g-
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'B._Measurements on Pigments.and Some Pighent‘Protgin:MixtUrés
In‘ordér to estaBTiSh-whether there is any simjiarity in the
photoconductihg behavior of 1ivihg systems'wfth their constituent
pigments in thé.grysta11ine state, I_tested samples of chlorophyll a'_
(kindly provided to me by Dr. A. Schultz), methyT éh]orophy]]ide a, |
and e—carotene. 1 a]éo tested some known sensiti;ef pigments such__
és rhodamine B and eosine. | |
An easily available protein, bovine §erum albumin, Which i§
used as a protein standard in 1% solufibn_(by wejght), was mixed
with equaf amounts of 1%’501ution.in acetone pigment and.al]dwed
to evaporate in thé standard samp]e'ho]ders. Af the Samé time,
sahp]es of pure pigmenf and_puke proteih were preparéd in the same

way. The results are summarized in Table I-B.

C. Benzene Solution

When chlorophyll crystals were introduced in benzene, the ébsorp-
tion spectrum showed main absorptibn peaks at 678-685 nm and 740 nm;
the latter being the largest in intensity. With‘a 1 msec f]ash, a
signal was obtained that followed the f]ash in its rise, decayed in
30 msec to about one Ha]thhe.initial value, and took one to two
‘seconds to decay comp1ete1y. Upon heating the so]ution‘to GO?C,
the 740 nm peak practiéa]]y disappeared,_andva1most no effect was

“detected but for a siow]y rising and decaying_sigha1 muéh smaller

than before. The remaining absorption was at around 670 nm.



‘Table I-B.

Photoconductivity of Pigments and Pigment-Protein Mixtures

Odark.

CTgnt

Sample | source  Aq/§ Rise Time. Decay Time Observations
17 20 s ‘ _ - - — .
" xenon | sec Fast Slow
_ - flash Fraction T 2of I To. | %ofl
o Ten” ! z)x;rgzec coggugigsit 2 signal /2 signal
5 'f1;sh ' eIy : sec ‘ -~ sec v
: PO ~-4 ‘Follows | ~=0| 9 Total | Maximum effect at
' Ch]orophyl} a 2310 - (1) 107 flash 300x10 7} 70 decay in 30 wavelengths longer
| _ S ' - Jrise time ' 1074 sec | than 700 nm o
|a-Carotene 107° '(]). | 5x10'5> Fg};gﬁ$ | follows | 100 -—- o
- _ . . o shape flash o
Eosine 0 |y | w0t 102 | -- |- | 5 {100 |
.' | | | ' Showed no photosignal
g?gﬂﬁiﬁefE?A) 1.5x10"4 -2 . . . o e ___ | to visible light, but
10 , : ' 7 T a small’'visible light
Eosine-BSA v R . Follows - |was observed when 1-58
=4 Sy -3 g -2 -1 Corning glass IR absorb-|
(mix) 1077 ~(2) 10 g “flash 10 70_‘ 5x10 i 30 ing filter was removed.
Me Ch]orophy]- S v 4 Follows A o e | |
Tide BSA (mix)| 5x107° | (2) 107t | flash | 07| 25 | a0t | s
Rhodamine B- | _, | 3 Follows | -3 | |
BSA (mix) 107 (2) 10 *flash 4x10 75, ] 25
Ch]orophy]l a- -4 3 Follows 31
BSA " (mix) 10 (2) - 5x10” flash 20x10 30-105-2 | 70 |- - -

*5 m11]1Jou1es per flash of wh1te 11ght, an 1nfrared absorblng 1-58 Corn1ng glass f11ter was a]ways Tocated in
front of the light p1pe .

~19-
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:eAn'etnand] éoTntion,gave the same s]dwleffeCt;-but upon baddi-"
tidn'ofvwater'to abdut 50% the 740 nm absorption-peak reappeared;
and with it the signal that followed the rise of the flash; in
this case anout‘one fourth decayed in 30'm§ec and the rest was
a]most stab1]1zed, and took a]most a minute to decay |

It seems that the presence of m1crocrysta111ne or h1gh1y aggre-
gated forms are responsib]e for these observat1onst The_presence
of water seems to stab1]1ze the s1gna1 HIt ts interesting to note'.
that s1m11ar exper1ments performed by Douglas and Albrecht (1972),
in which currents were_measured across e]eetrodes ]ocated in the
solution, gave similar results - with the difference that a very
fast decay in the microsec range fo]]dwed by a msec component was
observed. In our case:tne.faSt compdnent_tdqu not be seen due to
the}f1ash'duratfon and its'deeay tail, which is of'the'order of'a
msec. Douglas and Albrecht concluded that charge separation'occurs-
in the crystajiitesdgiving.riSe to a fast nolariiation of the surface
of the crystals followed by the discharge contributed to dissolution
of pigment ions. .The sTow decay was inhibited by freezing the:
so]ut1on Such a mechantsm wou]d be consistent with the microwave
loss measurements if they arise from bulk charge carr1ers separated
- in the crystals after light exc1tat1on{A '

From the pigment protein mixtures it can be concluded that in
none of the samp]eé did the dark 1055 show a significant change as
cdmpared with the separated compbnents, In almost a11 of them, a
rather ]arge'phOthigna] was obtained - notably for BSA mixtures of

- eosine and chlorophyll a. Eosine is known to form complexes with



6%

hUman serum A1bum1n'(Grosswéiner,.1967).n The bigménts'in polycry-
stalline form were very insensitive to light excitafion as éompared
-wfth bio]o§f§a1bmaterfals..‘" N .‘ o

No méasurements 6f‘the Hall mobilities were performed for: the
| pigments and the pfotein pigment samples. The microwave technique
is not sensitive enough fof the véry Tow photosigné1s prqduced by
the pigments alone. However, it may be poséible to Obtain the
values for the more sensitive BSA-pigment samples by increasing__
the amount bf sample. These measurements are worth future effoftss
because they could contribute to our understanding of the mechanism
of sensifization observed here, and to determine the possibility

of biological implications for such a mechanism.
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" IV. STUDIES IN A MODEL SYSTEM
" THE ZnO-WATER INTERFACE

A. Introduction

WHi1e perfofming the_méaéurementS-in'photqsynthetic,systems, I
had the opporfunity to study with Dr.'H: Tributsch some of fhe
intékeéting~features of the electrochemistry of semiconducting
e]ectrodes (Memming and Tribdtsch, 1971). Pigment molecu1es pro-
moted to the excited state by 1ight act as charge donors to the
conductidn band of tHe semiconductor.,'Photocurrents'are pfoducedv~
in such systems with quantum yields as high as 50%. Thus an i1Tumi-
nated 501ution:of chTorophy]]ide in water,'in contécf with the
e]ectrodé, yfé]ds photocurrents thaf very C]ose]y follow thé,absorb-
tionvsbecfkum of the pigment. -
| Thé similarity between this effect and the functiohiﬁg of the
photosynthetic apparatus is evident, because thé photocurrent is
equivalent to a charge that has been lifted to a highér chemica]I
potential. _
When an electric field is applied tovsuch a system, aImost-a]I
the voltage drop occurs acrdsé é‘very.thin'section on thé surface ' s
of the semiconductor. The solution and the semiconductor itself |
are gbbd-Conductors, and the limiting process for thé generation of
current 1sfthe eléttrolytic:junction. Space charge layers in the |

“semiconductor and Helmholtz layers in the interface experience the
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entire magnitude of the applied fiefd

The ava11ab111ty of a phenomenon that was more or less under-
stood in terms of charge 1nJect1on, and the fact that an app]1ed
e]ectr1c f1e]d cou]d modulate such effects made very attract1ve
the 1dea of us1ng such a system as a sort of ca11brat1on for the -
m1crowave absorpt1on measurements that I had underway on photosyn-
thetic. mater1a15 Moreover, the fact that some prev1ous attempts
to introduce samples with re]atlveTy large water cohtent were
succesSfuT encouraged us to pefform thefexperiment.

| Two separate experiments'were designed. In the fihst one,

i]]umination of the semiconductor surface while it was located in
the mtcrowave cthty and stmultaneous1y:contacted,both.to a voltage
source and to'a'system to detect'the photocurrents; Charges
(main]y.ho1es) genehated by Tightvwould contribute to the microwave
1osseS'ahd at'the samé time be acceierated bydthe_static field.
In a secohd stage we tntended toﬁtncorpokate a pigment in the
solution to producéhthe Charge injectioh from the excited state of
the pigment; In the first,experiment u1travio]ét‘1ight simply
raises electrons from the valence to the conduction band of the
semiconductor. In the second case, far red 1ightdthat is not
_absorbed,by the Zn0 crystal could only have an effect on'the pigment.
In both cases we hoped to measure the: microwave Toss contributed
by the charge carriehs; | | | |

The resuit of-the first experiment-and'some unexpected effects
of the-appfied electric fte]d upon the 1uminescence'of the Zn0

e]ectrode_are reported in this chapter (Petermann, Tributsch, and
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Bogomo1ni, 1972); No eXtrapo]ations_to'phOtosynthesis are intended
from:these measurements;>but"they‘c1ear1y show thaﬁ-measnrehenfs
of such surface charge Carriers'are possible with the niCroane

technique.

B. The Electrochemical Cell

One of bhe"difficb]t experimental prob1ems results from the
introduction of large amountsﬁofawater into the microwave cavity.
For optimal detection of microwave absorption due to charge carriers,
the surface of the electrode must be placed in a resonator at a site
of maximal eTectric field. Since we wished.to 1nvestfgate an
e]ectrode in contact with an aqueous electrolyte, and since water :
'strong1y absorbs m1crowaves we had to abandon th1s arrangement and
Took for a comprom1se solution. we found it in the cy11ndr1ca1
, TEO]] cav1ty resonator wh1ch is dep1cted in F1gure 10. Thfs

9 Hz,

'resonator, wh1ch had a typ1ca1 resonance frequency of 9 5 X 10
had a cy11ndr1ca1 open1ng in wh1ch the-e]ectr1c field deeays expo-
nentially (a waveguide beyond cutoff). |

We constructed a small cy11ndr1ca] e1ectrochem1ca1 cell, con-
sisting of the sample electrode, the aqueous electroiyte and a _
counter electrode, which_fitted,infovthis opening.’ The position of
the electrode surface was adjustab1e'within bhe electrical field |
of the‘cavify'resonator. The-geometry.for fhe arrangement of the
“metal wires of the e]ectrochemica],ce1] was ohosen'sQ fhatvtheyxdid

not act as antennae for the leakage of microwaves from the cavity.



| Figure 10.1»The'electrbchemital.céil. |  XBL7|H3-540°.

1: TEO]] cy]indrica]-cavity. 2: Waveguide. 3: Waveguide’beyond cutoff
and supportbj 4. QuartZ'cy1indrica1 cell. 5: Zn0 crystal. 6:-E1e¢tro]yte..';

7: Counter electrode; plétinum; 8: Conhecting wire. 9: Light pipe.
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For the microwave experiments sing1e'crystaTs of'iino 0xide

"3 g7

2 0 10

(10 om'])'were selected. (Note We are 1ndebted to
Prof. G. Heiland, -TeChnisohe Universitaet, Aachen, Germany, for

his generous g1ft of s1ng]e crystals. ) From the several cm long-
and approx1mate]y 4 mm thick hexagona1 need]e crysta]s we split 2

to 4 mm h1gh d1scs and prepared them as e1ectrodes The contacts
were made by d1ffus1on of 1nd1um into one surface (1 hr, 700°C).

The surfaces, wh1ch were exposed to the e]ectro]yte, were produced]
by c]eav1ng the contacted crystal w1th a blade. The counter electrode
was a platinum wire. A]though not 1dea|,1t has been used as a
reference electrode too, because of the smalil size of the electro-
chemical ce11.(twoee]ectrodemarrangement)._ Aqueous 1 M KC1 solution
has been used as-e]ectrolyte. A'pH'of 2 was adjusted by addftion |
of HC1. Electrode potenfia]Suwere controlled with a‘potentiostatg'
(Wenking fast’rise: 1 usec)f The'e]ectrOChemica} setup is'shown

in Figure 11

C. Photoinduced Microwave Loss, Photocurrents, and Luminescence.

Applied Voltage Dependence.

When a periodic electric potentia] was applied to the zinc oxide
electrode, a synchronous modulation of microwave absorption Was ob-
served. The microWave absorptfon changes due fo uariations of the
e]ectrode potent1a] were so pronounced that they could conven1ent1y
be measured in a quas1 stat1onary way. F1gure 12 dep1cts the
dependence of microwave absorpt1on on the electrode potential for.

two different velocities of potential changes. A ciear hysteresis
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Figure 11. .Essentia1Ty the microwave‘arrangement'isvthe same descfibed
in Chébter II. Inc]uded in the diagram are the electrochemical cell in
the cayity and the typical measuring‘sygtem. V- iﬁdicates‘a lock=-in
voltmeter, Model 131, Brower Lab.,'lnc.; Westboro, Mass. I - is an

electrometer, Keithley Model 610 A.
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Figure 12. Microwave absorption vs. electrode potential.

ZnO e]eétrodé, pH52,'KC]'1 M electrolyte. _The absorptidn of microwave

power is shown in arbitréry units; the electrode potential is given in.

volts. The arrows indicate the direction of sweép. a) shows the effect
ofnvo1tage on the dark microwavé:absorption, and the region where-the |
photoeffect was found. b) slower sweep-rate. The vertical axis Sca]e

was reduced 4 times. Only dark absorption-is shownw
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~can be‘bbsérved'Which fs more'pfonoyhced in the.s]dwer'&ynamic
heasurement; ._ ? - |
“ ThiS‘béhévior‘hQY_bést'bé'descfibed by.CQmparfson with a
éufrenthb]tage diagram'for}thevsame'electfode (Figure 13). When
theIeTécfrode pdtenfidT;is’thahged_towafds hégativé vé]ues, micro-
waye'abSdrptioh_increasés:cénsiderabTy and passes over a maximum.
The é]ectrode behéVior.in:this pbtehtia] range is chafacterized by
hydrogen;eVOlution'and by. a paftié] reduction of fhe zinc oxide to
zihé.(cathodic current ih_Figuré 4); When the potential changes
are keversed,'thé e1éctrode surféce is reoxidized. This is’reflected-
in an anodic current peak which is higher and appérent]y shifted
. towardé'more positivevpotentiéis after pro]onged cathodic reduction.
The reoxidation proééss of the:électrode surface seems to be re-
flected in the second microané'absokption peak, which is surpassed
dufiné tréhsitibn frbm negétive,fo positivé e1ectrode potehtia]s;
_Atvsufficiént]y high anodicvpoiehtia1$, fina]]y,.curreht,f1bwbiS-
Timited by a:boundafy 1ayér'in’fhe n-conducting semiconductor
surface. Microwave absbrption in this fegion reaches a constant
value. Under modu]atedv]ight and synchronous detection, DC photo-
currents showing the behavior depicted in Figure 16b are observed.
The Zn0 ékysta] ghqwed bu]k.mickowave photoconductivity when
illuminated before additjon of the e]ettro]yte in cbntaét with air.
Thevtransient_chahgeﬁbin micfowave'absorption.due to the photo- |
carriers'wefe as:fast as théllight.pu1ses. When eTectro]yfe was
added but with no electric field applied, a 20- to 40-fold increase

in the mjcrbwave photoéffect was‘obsérved.' The kinetics of the
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Figure 13. So]id'1ine I]]um1nat1on of. the zinc oxide e]ectrode g1ves

rise to an anodic phofocurrent, which shows a 11m1t1ng behavior at positive
potentials. It arises from the gener&tioh.of holes in the valence band of
~ the semiconductor. 'Hb]es are'minority:carriers in this n—typé materié] and
initiate electrochemical reactions éf the semicdnduétor surfaée_which lead
to its photoCorrosion - e.g., Zh++ fqns dissolve into the soiution..

Broken 1ihe: 'At~nég$tive potenfia]s n*t s redhcéd'td meta11i§v2n? The |
broken 1ine shows the effect of reoxidaiionvof Zho'on'the currents when |
the electrode returns.to positive potentials. 1: Shows the effect of a

56 mvolt/sec sweep rate. 2: Sweep rate 11_mvo]p/sec.v - The typical dark

. current is included in Figure 18; éssentiai]y.no current f]ows at positive

potentia]svin'the dark.
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transients showed also a marked change, the rise as we11 as the
decay times were 'in th1s case of several m1111seconds as compared
‘w1th the microsecond responses of the dry crysta] _'

The vo]tage dependence of the microwave photoeffect is shown
in Figure 14 The photoeffect appeared to be very dependent on
the pretreatment of the surfaces; in some samp]es a maximum effect
was obtained at about one volt and comp]ete d1sappearance of the
photo1nduced losses: occurred at 4-5 vo]ts. The variations over
many sampTes are shown as a shaded area.

The kinetics of the effects are shown for zero vo]ts and at
maXimum(effect for 2 voTts, in Figure 15. |

Simultaneous measurement of the DC photocurrents.and the micro-
wave photoeffect is shown 1n Figure 16. In this particular samp]e
the maximum'effect*occurred'very'c]ose‘to zero volts. " The compet1-
t1ve nature of the effect is observed in these exper1ments The
rise of DC photocurrents accompan1ed the drop in microwave
absorpt1on | -

At th1s stage a very 1nterest1ng effect was - observed The Zn0
crysta]s are known to possess a, green Tuminescence, which we usually
observed.‘,However, whenran e]ectrlc field was applied to the crystal
a marked'decrease in 1uminescence~was-found which para]]e]éd the
change in microWave photoefféct- F1gure 17 shows the effect of h
the field on the green: f]uorescence as measured by 1ntroduc1ng the |
e]ectrochem1ca] cell in a Hitachi spectrof1uorometer.

Fluorescence and DC photocurrent'wereImeasured in'separate ex-
periments.in collaboration with Dr. Glinter Petermann. Figure 18

shows‘the_resu1t. A clear correlation between the drop in Iight'
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Figure 14. Light induced microwave absorption vs. electrode potential.
Zn0 crystal. pH 2, KCT T M electrolyte. Light indu_ce'd microwave '
absorption changes. Vertiéa'l axis in arbitrary un’its. The sh_adowed

area indicates the variability over several samples..
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Figure 15. ZnO-KC] electrolyte system. Effect of the electrode poten-
tial on the kinetics of the light induced effect. The signaT at 2 volts
was several times largeh than at 0 volts. The heights were equalized

for better comparison of the kinetics.
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4+ a) - ' ZnOI

PHOTOINDUCED
- MICROWAVE ABSORPTION

PHOTOCURRENT

. XBL723-4575 -

Figure 16. ZnO~KC1'e1ectr01yte System; a) Light ihduced microwave ab-
sorption. in arbitrary units, as measured at the outpUt of a_]oCk-in"
amplifier; modulation frequency 10 Hz. : b) Simu]taneods récording of
the D.C. photocurrents as obtained from the oufput of a secohdv]ock—in

amplifier. Exciting wavelength: 360 nm. .
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Figure 17. “Zn0-KC1 1 M electrolyte system. Effect of the e]ectrode_

| potential on the green luminescence. Excitation wavelength 350 nm. -



-78-

>
=
C —
= J
@ IpH
N ]
L
193]
Z
[§8] —
'._
=
L
O -
= .
wl
(&
wn
]
@ - 0
S
2
-~
(V)
V.

XBL7II-5462

Figure 18. Zno-KC1 1 M electro]yte-system. 'Compaffson between phote—

current, Ip,, and luminescence intensity, Ip. — -« —— Dark

current.
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emission and the rise in photocurrents is observed. The dark

Timiting current.is shown as a-dotted line.

D. The Exciting Wavelength Dependence

The navelength of the exciting 1ight'was swept continuous1y;
and the output of the Tock-in amplifier sent to the recorder. The
micrOWave phdfdeffect measured in such'a fashion is presented fn
Figure-jQ,v Since the light intensities available to us were rather
small, the bandwidth of the Bausch and Lomb gnating monochromator |
had to be Opened aanSt to~the naximum value of 10 nm allowed by
the slit.  Neverthe1ess, it is seen clearly that a’vo]tage%dependent
part at shorter waveiengths'ceincides with the photocurrent action
speCtrum shoWn by the dotted 1ine A vo]tage 1nsens1t1ve microwave
‘component excited at around 410 + 10 nm was observed in all cases.

When a‘simi]ar experiment was performed for the fluorescence

action spectrum (excitation spectrum),-aeclosely similar effect
. was feund fer the Tlight emission. Figure 20 shows the resuTts.
The voltage-independent component occurs at 400 nm in this case.
The spectra]'reso1utiqn in this experiment is +10 nm. The discre-
pancy with the microwave peak 15 within the experimenta] uncertainty.
The f]uoreétence action spectrum is normalized’per photon ebsorbed,

whi]e the microwave effect is not normalized.

E.. Discussion

The observed effects may be understood in terms of charge carrier

-generat1on and rad1at1ve recomb1nat1on from some k1nd of color center
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Figure 19. Microwave phofoeffect,' action sbectr‘um. -~ XBLT7111-5439
Zn0-KC1 1 M pH 2 electrolyte system. —————-Microwave'photqeffect at

~ three different voltages. The vertical lines indicate the variation over
a period of several hours for the same sample. - ----- D.C. photocurrent.

The action spectrum is not normalized.
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Figure 20. ~ Zn0-KC1 1 M electrolyte system. Action spectrum of green

luminescence (normalized to constant incident radiation).
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A depletion ]ayer is. genefated'at the semiéonduttor‘éo1ution inter-
' face Ho]es are generated by 11ght and are ab]e to produce the
.measured photocurrents when the crysta] is made pos1t1ve w1th respect
to the solution (anodic case). The photo1nduced microwave absorp—
tion could be contributed by'thevgeneratedkéharge carriers as well
as Byethe re1exation of{sometkind of dipo1af species generéted by
the 1ight. This 1attef.poésibility, although rather un]ike]y, might
_arise from therHelmholtz layer in the immediate so]ution when per-._
turbed by a change in the'concentration of surface étates. There
are several points. that should be introduced in this discussion.
There is an exciton band in the e]ectron1c structure of Zn0 at
‘about 390 to 400 nm. The 510 nm 1um1nescence 1ntens1ty is affected
by tempefature. | o

The extinction coefficient for the Tonger weveTengths is mdch
sma]ler than for the main absorpt1on band at 380 nm, resu1t1ng in
different penetrat1on depths for the 11ght

The ]1fetime of the states involved has a very strong influence
on the observable microwave.1osses."Thus, a state lasting 10'3
10'4 sec would contribute several .orders of magnitude more than a
state with a 1ifetime of 107/

The appiied electric field extracts holes frpm the surface, and
consequent1y_dep1etes the crystal of the recombination centers which
give rise to the obéefved luminescence. The‘same argument app1ies
to the photetnduced‘microwave effect. The exciton transition would
not contribute appreciably to the phbtocurrents. dHowever, Tumines-

cence could arise from such absorption by decay into the metastable
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level which produces the 510 transition. An e1éctri¢ field wdu]d
have 1ftt]e or no effect on such a'procéss, és‘fé.obsérved. The
alternative exp]énatfcn, that fﬁe field independenf component in
the actioﬁ spéctruh 1§'caused_by'é]ectrohic fransitions to impurity
1eVe1$)in'the'crysta1_whiéh do not contribute to conduction, has to
be cbnsidered. Such levels acting as traps cop1d acéount_for.the
long 1ifetimes and.the slowness of the microwave effects as compared
with the photocurrents. The onset time for the photocurrehté is
instrument-1imited and has.been measured down to'10'5 sec. The
decay times:aré also in the tens of microseconds. The microwavé
| _effect§ are in the mii]isecohd range, indicating the possibility
of trapping prpcessés, Figure 21 shows the‘suggésted scheme. Com-
petition between photocurrents ahd luminescence and microwave photo-
effects méy:be exp1§fned ih such'terms; The penetrationvdepth
argument.also contributes to the expdanation of the insensitivity of
the 16ng wavelength component to the field. Bulk, rather than
: vsurface, effects are produced by those wavelengths, and the field
drops completely in a region much shorter than‘the penetration depth.
Whi]e much work remains to be done in the line of research
initiated here, the present picture in terms of surface charge
carriers suffices as'avwokking model for the explanation of the
observables. | |
Expériments with pfgment molecules as chargé-ihjectors are of

interest and are worthy of further study.
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Fi'gure 21. Working s_cheme for the Zho-ele_ctro]yte system.
Inh - photocurrents. The black horizontal ]ine repreéents'the meta-
stable level from which the 510 nm Tuminescence originates. See text

for description.
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V. MEASUREMENTS ON BIOLOGICAL MATERIAL

This Chapter,presents the résu]ts of measureménts in highér plant
matérial ahd'bacteria1 chkomatophbres. Thé bbject.of the éxperiment
is.fo detect the bossib]erpréséhce of photogenerated charge carriers
in the photosynthetic samples, and (if any) to establish their biolo-
gical sighificance. |

“Evidence for the presence of charge'carriers'is'qbtained:from
measureménts'bf: dielectric 1935 (or conductivity), the Hall effect,

10 Hz'under the action of

~and changes in dielectric constant at 10
actinic illumination.

‘Thelgreen plant materiaTs wefe films of the broken chloroplasts
» preparafibn as described in Chapter II un]éss therwise stated. The
samp]es‘debacteria];ﬁateria]kwére fi]ms.of the i$o1éted chromatophore
fraction. - Four mutants of Bi_sgheroides were used in the experiments.
The rationé]e for their use.is és follows:

Baéteria have a photosynthetic system that is less comp]icated
than that of highék,plants. with hopes that bacteria wouid show some
simplification in the effects, I chose R. sphergides, fdr which a |
great deal was known when I started my éxperiments. Evidence.fdr the
actiV{ty and composition of the photosynthetic reaction centers was,
to a large extent, obtained from this species. | o

The existence of mutants. of B;_sgheEOides lacking carotenoids pro-

vides a simplification in the pigment.cbntribution to the effects, and
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mostAimportant of all, the existence of a’non-nhotosynthetic,mUtant
that Tacks a functional reaCtionlcenter makes'this bacterium an
interesting biank " This iatter mutant does not exhibit the typicai
llight 1nduced absorbance changes at the reaction center bacteriochioro-
“phy11 absorption bands that the norma] strains show, nor does it show
any ]ight induced EPR 51gna] This strain is de51gnated PM- 8 (Sistrom
et al., 1964) ' The strain 6. A is the parent strain of PM- 8, and
should be used as a contro1 for PM- 8 It_iacks most carotenOids, al-
‘though retaining the neurosporene and hydroxyneurosporene " For most'
measurements the strain R- 26 which comp]ete]y lacks caroten01ds, was
used. The w11d type R. QherOides, which contains a11 the pigments,

was used in most of the early’ measurements. The measurements of action

spectra and reiative.quantum yield were performed with the wild type

' strain

‘The fo]]ow1ng summary of the main observations - which will be
presented and discussed in this chapter applies ‘to both green and
bacterial materiai un]ess otherWise stated.

1. - The phthconductivity transient response‘to short flashes showed

"0 sec at room temperature

-2

rise half-times shorter thanv5 x 10

and several decay components in the 107 4 10 and 1 second

ranges. The photoconduct1v1ty signals 1n response to high light

-3 -2

intensity flashes ranged between 107° to 10~ of the dark con-

duct1v1ty ) -
2 - The activation energy for the photoconductiv1ty was E = 0. 3 eV
from 40° to -40°C; a temperature dependence of the form Ao =

~Ea/KT was foi]owed by the samples w1thin this range Ao is

" e
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the_peak.height of the transient_photoconductivity response to
*short"flashes and K is an amplitude coefficient.

3 - The photocondﬂttivity actfon spectrum_olosely_fo]1owed the absorp-
t{on_spectrun'of the SampTes} A tendency-to'higher qoantum
yields was fonnd at wave1ength5vc]ose to the reactionﬂcenter
pigmentvabsorption-band, Dehydration of the sample strongly
redoced the photoconductivity response to short Iight f]ashes
at‘Wavelengths around 700 nm in chloroplasts. |

4 - A photo1nduced microwave Hall effect corresponding to charge
carriers of both signs w1th mob111t1es between 0.1 and 1 cm /volt
sec was observed in a]] photosynthet1c samp]es which also produce
the ]ight inducedvEﬁR signa]s characteristicvof the normal
functional state of the reaction oenter'structures, A mutant
of bactekia 1acking such.Struotures'(or'pOSSibly having damaged
react1on centers) did- not show the 1arge photoconductivity sig-
nals or the photo- product1on of charge carriers of both s1gns
.On]y a low quantity of negat1ve charge carriers with low quantum
yield, QY = 10'4,.was observed in this mutant.

5 - The negat1ve charge carriers decayed 1n about 10 m1]11seconds after
a.short light flash. The concentrat1on of pos1t1ve charge car-
riers reacheo_a maximum value at times rangyngvbetween 20 to 100 -
_mi1]i$econds,.and decaying‘in a few hundred~m111iseconds The |
onset time fon the observed Hall effect signals was as short as

}- _ the f]ash rise. time, about 5 X 107 4

6 - L1ght 1nduced changes in the d1e]ectr1c constant of the samp]es

having kinetic character1st1cs similar to those of the photo-

induced losses were observed in ali funct1ona1 photosynthet1c



. materials Va]ues as high'as A-Z--‘r-_f'"'lo's»were’observed in res-
 ponse to h1gh intensity f]ashes No Changes.in'the'dieiectnic'
constant upon Tllum1nat1on wene observed in the'bacteria]hmutant
that ]acked_reactfon centers. Low temperatures strongly inhibi ted
ﬂtheaseVera]ISecondfdecayjcomponent of:the dielectric constant
transient response}to“short.ltght t]ashes. A simi1ar observation
at 1ow temperatures applies to'the 3 toh second'decay component
of the EPR s1gnals 1n both systems | |
7 - The fast decaying component of the photoconduct1v1ty was affected
considerably by the action of fernjcyan1de}1n both systems. ‘Re-
duction of the total size of the sigha] and a lengthening of v
“the 10 - 20 msec decay component was observed upon add1t1on of
ferr1cyan1de so1ut10n
8 - Background illumination of ch]orop]ast film samples produced changes
in the photoconduct1v1ty slgna1 k1net1cs, resembling effects due:.
to saturat1on of trapp1ng 1eve1s in s1mp1e photoconductors for

wh1ch there 1s amp]e theoret1ca1 foundat1on

The above experimentaT evidence supports.the following conclusions:

a - Carriers'of posftiVe_and negative signs with Tow mobilities are
generated byu1ight in the photosynthetic samples. |

b ] The\chargepcarrien genenation is sensitized by,the pigments that are
re]evant to the'photosynthetic.pnocess | o

¢ - The quantum yield of the process of carr1er generat1on ranges from
0.1 to 1%.

d - The photochemicaT reaction centers are,required for the generation

of the charge carriers.
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e - The.data are_consistent:withva model'invwhich'charge_migration
and trapping processes take p]ace in'a bio]ogicallmatrix in
wh1ch the react1on center comp]exes are in c]ose association
with charge donor and acceptor molecules. |

f - The m1grat1on of the charge carr1ers may. be accounted for by a

- tunnelling or hopp1ng process,.poss1b1y in the way formulated
'by}Ne1son_in_his 10ca1ized charge transport_mode] (1963,‘1965,
1969). o o

‘Some technica1*detailstneeded'for the*interpretatibn ef the’resuits
- will be discussed along with their presentation. Contro]vmeasurements |
in the dark for the’materia]'used in thesefexperimentS'are presented
- in nart A, the photOinduced effects are presented in part B, and part C‘
contains some tentative speculationzconcerning the sjgnificance and

possib1etTocation_of the observed charge carriers.. -

A. Dark MeaSUrements

My 1ntent1on when perform1ng the measurements in the dark, is to .
gain some 1ns1ght into the behavlor of my samp]es to dehydrat1on and
‘temperature before 1ntroduc1ng,1jght_as a,perturbat1on. Possible pit-
falls fn the measurement of Iight.induced effects,_such_as a thermal
modulation of the conducttvity by the 1light energy conuerted into
heat,.required the khdwTedQe 6f the‘temperature dependence'of.theti
vconductivity - ; | | o o

| Abso]ute measurements of the dark conduct1v1ty of the samp]es are-'d
a]so needed in- order to ca]cu]ate the abso]ute photoconduct1v1ty, be-

cause the light 1nduced effects are obta1ned in the form of fract1ona1
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changes,.g;g.: égvfbr the conductiyity.'v : o

1. Green P]ant Mater1a1

Typicatl values for the_conductivity of a 1eaf'Segment‘as'weTl_as

for films of'bsmotica11y broken chloroplasts are gfven in Tab1e IT.

Films of chloroplast membrané fragments (quantasome aggregates) showed

no s1gn1f1cant d1fferences e1ther 1n conduct1v1ty or in mob111ty

va]ues, as compared with the ch]oroplast samples

| Table II.. Green-P]ant"MateriaT: Dark Measurements

Estimated

sample Mg 7“25;5;:;;?' édhdﬂcfivity.A Mobiity*
% o rsl?tive ' Q']}cm'.l cm2/v01t-$ec
Dry leaf »20 3.5 7x1073 +0.6
Chloroplast >20 7 2x 10;2 _ +<0.5>
C 1520 3.4 C7x103 +<0.8>
12-15 3.3 ax0t ko
9-12° 3.1 7 x 107t <l
5-10 2.8 2x 1074 <
5-10 2.7 3x 10t s
Lyophilized ' | o 7
Chloroplast <5 2.7 -0t +1.5 - 2.0

Average between values obtained with the magnetic field pointing in
opposite directions. Differences as large as 50% were observed.

The measurements reported for chloroplasts in Table II were per-
formed during the process of dehydration of the sample in the caVity.

Dry nitrogen gas flow and microwave power absorption contributed to

’
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the dehydratﬁon process The n1trogen gas temperature was contro]]ed
by a servomechan1sm at about 25°C; The dehydrat1on process may be |
_ fo]]owed by observ1ng the changes in d1e1ectr1c constant of the
__mater1a1 " The va]ues ranged from 3 8 in part1a11y hydrated samples
to 2;7 to 2.8 after severa1~hours_1n the cavity. The changes in di-
eiectric constant‘are measured as shffts'in the resonance frequency
of‘the cavity These sh1fts made measurements of mob1]1t1es in par-
t1a11y hydrated samples a]most 1mposs1b1e due to the 1arge changes in
the base ]1nes wh1ch my system of automat1c frequency contro] was
unab]e to compensate. ' o o |
Lower computed values for the mob111t1es are expected in the hy-
drated samp]es due to the fact that an overest1mat1on of the dark
conduct1v1ty results in 1ower computed values for the mobilities of
the charge carr1ers (Formu]a 17 Pg. 36 th1s work) ‘Although. such
an effect was observed and a]ways in the r1ght d1rect1on, the corres-
'pondence was not 11near A decrease of the dark loss by an order of
.magnitude'altered the mob111tjes by only a factor-of 2 or 3, This
: guggests_the possibi1ity of a more comp]icated mechanism for the
dark Toss.invo1vfng proton migration in dehydratedvsampies while
other ion migration might contribute to the loss in hydrated samples.
_The'yaTues for»the mobi]itieseare reported in_every case as an
average with the magnetic fie]d4ing0pposite\direCtions ' Under the
reversa] of the field, the s1gna1 obta1ned was a]ways asymmetr1c,
_g1v1ng a d1fferent va]ue for the mob111ty Effects such as magneto-
conduct1v1ty would account for.such behav1or; but~from the fact that
the sample shape and sample mounting Was far from perfectjy symmetric,

one mightjexpect the sample to perturbfthe.modes unequal]yvand, thus,
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change the geometry under f1e1d reversa] The observed'difference Was
rather constant mak1ng this observat1on worthy of further study,
since 1t is un11ke1y that the samp]e 1ocat1on a]ways fo]]owed the '
same asymmetr1ca1 geometry | Magnetoconduct1v1ty from the res1st1ve‘
p]ugs has to be cons1dered as an a1ternat1ve exp]anat1on They were_:
~in the cav1ty in order to obta1n balance. |

_ F1gure.2275hows_the_observed change in power‘uhba1ahcevfor two
values of magnetic'field._ fhe hefghtvof the signal is rough]y hro-
portional to the magnetic ffe]d for small values of'APé as expected.

Figure 23 shoWs:the effect of field reversaT; its asymmetry and
the sample behavior in a typiea]‘measuremeht; Figure 23(3);shows the
eftect ofva 10 Kgauss fie]d.in beth directions and thevcalibrating
simu]ated'effeét introduced by the buckinglarm ea1ibrated'attenuator
The effect*1n this case was tw1ce as’ 1arge in the -10 Kgauss- d1rect1on
as in the +10 Kgauss.  In (b) the f1e1d is allowed to invert as the -

recorder runs. ~ The baseline is not perfect]y hor1zonta1 because

this samp]e was st111 in the process of dehydrat1on

2. Bacteria] Chromatophores

Table III contains typical data for the dark microwave parameters
of the various strains. 'The ordervof magnitude of the observables is
very similarvto'those of ch16r0p1ast and lamellar fragmeht_samples; |
No difference was found in the:dark measurements 6h the PM-8 mutant -
with.respect to the normal strains except;for the 1ower value of the

conductfvity. The dark mobiTity for PM48-was cbnsistent]y smaller by
| about a factor ef 2 or 3 as compared with its parent strain G.A. The

smal]er‘mobi1ity does not account for an order of magnitude sma]]érA
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'DARK HALL EFFECT . off

!

L gRs
Lo APexm
off

H=3Kgauss

APo 5 sec

on

XBL723-4579

Figure 22. Dark Hall effect: chloroplasts. Left trace: Unbalance signal

for a 3 Kgauss fie]d. Right'trace:‘Unbalance signal for a 10 Kgauss

magnetic field. The receiver gain is 1/3 of the left trace. The up-

wards def]ection»of ihe power_Unbalance cokrespohds to positive carriers

with mobility 1.2 cn’/volt sec.
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Figure 23. .Dark-AHa'H‘e'ffe‘ct._ : Ch_]'orop1ast-f1']'m. - () Power unbalance |
signaT Wi th‘ the -10 -Kgauss‘m'agn_etic ﬁ'e_].d fn_opposit’é directions. The
gain for. the_ubper Vtracel-is 'twice_thatv'for the Tower. The inverted
signal to the right in the upper trace is a ca"libratibn power unﬁaiénce

'signal. (b) The same exvpe‘r‘iment is performed as the recorder runs.’

\ -H= 10 Kgauss 4'
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Table III. Dark Measurements - Bacteria

Sample . e’ e e
‘R. spherOides ~ strain . : 9'1.cmf] : -cmz/vo1tfsec
R26 .31 6x107° 41T
6&A. 30 3x10% 4009
PM-8 o3 axw0tt 0 sos

condUctfyity;‘therefore:it~haswtd‘be assumed that the PM-8 mutant has
a sme11er Concentration pt}dark carriers or dipoTes that contribute
to the conduct1v1ty than the G.A. strain. | |

F1gure 24 shows the. resu]t of a measurement of the dark Ha]] effect
in R 26 chromatophores _ ,
| An attempt was made to f011ow the - temperature dependence of the
dark mob1]1t1es in a ch]orop]ast sample. At temperatures above -5°C
the mob1]1ty 1ncreased with increasing temperature Since the mobility
' va]ues_fo]]owed an exponential behavior as a. function ef the inverse
of abso]ute'temperature, I computedlervalue-ofFO.TS‘eV for the acti-

vation energy from the‘slope.‘°1 assumed a-dependence of the form:

' 'u : 0 e-E/KT

The;mobi]jty'reached_e minimum ualue ardUnd -5°C and then.increased
at lower temperatures;}from'0.4 f_0.1-cm2/voltrsec at‘-5°C to 0.8+ 0.2
cmz/voftrsec at -70°C. The dependence below -5°C showed the mobijity

' to‘be'rOughly propdrtiona1 to the inverse of temperature.i
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DARK HALL EFFECT

R- 26 R.spheroides CHROMATOPHORES
off

008 0 !
3 3
B £
o
5

+H=10 Kgauss

5 sec

XBL723-4577
Figure 24. The trace shows the Hall effect signal. The magnetic field
is turned on and off at the arrows. The deflection corresponds to car- |

riers of positive sign, with a mobility of about +1.0 cm2/volt-sec.
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'B. Light Induced Effects

1. Photoconduct1v1ty (Photo1nduced D1e1ectr1c Loss)

a. Some Pre]1m1nany 0bservat1ons _

(1) The photoconduct1v1ty s1gna]s from all. b1o]og.ca] samp]es
were about two orders of magn1tude 1arger than the photos1gnals ob-
served from ch]orophy11 m1crocrysta1s under comparab]e light excitation.

(2) Denaturat1on of the samples by heat1ng for 5 minutes at 100°
caused the d1sappearance of the fast (m1111second) component a photo- -
s1gna] about one order of magn1tude sma11er than that of the nat1ve

amp]e, decay1ng in severa] hundred m1111seconds to seconds, rema1ned
As it will be seen ]ater, that s1gna] may be accounted for by a.thermal
effect of the light. Heating at 60°C for 10 minutes did not affect
the signal. The Tight induced EPR signal, which was used as an indi-
cator of biological activity,:disappeared comp1ete1y upon.heating to
100°C, but remained unaffected by the treatnent at 6050;

(3) - The photoconductivity signals in samp]es'dried*unden nitrogen
gas flow could be elicited indefinitely. Freeze dried samples showed
a much reduced fast component that disappeared after several] flashes.
'Rehydration,followedvby the milder nitrogen gas‘flow'dehydration, re-
covered the fest component, which was present aften severa] hundred
flashes. _ . |

(4) Sonication of the material did not affect the signa1s.

The above obserVations apply to all the green plant sanples{ At
this point it was clear that the photosignals required the integrity'
of some.samp1e components able ‘to withstand temperatures not higher

than 60°C, while neither the thylakoid membranes integrity nor redox
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reactions inVo]ving soluble componehté was invo]véd in thé obserQed
effect. - | o | . .

Fdi]oWing these qualitative observations a quantitafive analysis
of the kinetiés, the temperature behavior, the light 1ntensffy be-
havior, and the Tight ane]ength'dependencé (actfon spectrum) of the
photoconductivity signals are presented. |

'b. Kinetics

1) Chloroplasts

Figure 25 shows the'typical photbconductivity signal from a chloro~

plast film sample. The kinetic'analysis'is presented in Figure 26.
The decay t]ear]y resolves into two first order components: a fast
5.5 millisecond, and a slow component decay with a half-time of 300
milliseconds. Ahy slower component present in this sample would not
be détected since the pulsing rate was about 1 Hz. A decay~comp0nent
of Severa]’seconds,’which may accoﬁht for as much és 20% of the signal,
has been observed in all samples when_dark adaptatidn'periods of :
several minutes were é]1owed between 1ight pulses. The fast component
never varied by more than a few mi]]isecbnds among several samples,
while the other two were very dependent on sample conditions such as
state of hydration, previous dark time, and the age of the samples.

" To determine the kinetjcs of the onset of the signals, I used
first the 20 microsecond Xenon flash unit. A chloroplast éamp]e,
dried under nitrogeﬁ gas flow, gave a photoconductivity transient
signal which rose as fast as the response time of the detectof amp]i-
fier which in this experiment was about 107 sec.. Figure 27 shows the :

oscilloscope trace.
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CHLOROPLASTS

(arbitrary units)

Ao

bl sec FOHI Scale
‘ . | X8l 6912-5380
Figure 25. PHotoconductiyity signal. Ch]orop]ast_samp]e dried under
nitrogen gas flow. I1lumination: 10 msec pulses ofIWhite light.
Source: Tungsten iodine 1ahp. Light intensity 106 erg/sec per cmz,
'Pu]sing'rate‘]‘Hz. The_typicaT biphasic decay is obsefved;_ The

signal was rccorded from the computer averager after 20 passes. ~The

discontinuity at the center of the figure is due to'microphOnic'noiSe}
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CHLOROPLASTS

(a)

Log AC

20 60
- TIME (msec)

" XBL6912-5379

Figure 26. Kinetic analysis of the signals shown in Figure 25.

(a) Log vs. time plot of the data obtained from the trace in ‘Figure 25.

[t may be decomposed:into two exponential decays . (b) Fast decay ex-
tracted by subtraction of trace (n) from (m). The decay half-time of

the signal is 5.5 msec.
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Figure 27. Photoconductivity‘rise kinetics, as traced from the oscillo-
scope photograph. (a) Photoconductivity signal from a ch]orop]ést samp]e.‘
The time respbnsé of the recordingysystem was 10;5,sec. The sigha] to

noise ratio Was about 4. Thé signaT risesAwith the time constant of the
detector. (b) Tracevshowing the form of the 1ight ffash:as obtained from ’
alPIN photodiode, time response 1078 sec. The light energy corresponds

to about 10 millijoules at the sample location.
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To 1nvest1gate the rise t1me further, I used a pass1ve1y Q -switched
ruby ]aser, wh1ch prov1ded about 50 t1mes more 11ght energy at the
sample s1te than d1d the xenon f1ash The 1ncreased s1gna1 to no1se
ratio c]ear]y estabi1shed.that the rise ha1f5t1me df ‘the photoconduc-
tivity signa1.Wa§,as short:eé the.respenSe fimgedfhthe’detectidn system,
which in this expefimeht was’improved to 4 x 10'§ sec. The theoretical
time response 11mif for the hicroWaVe‘measurements ihfcavities'with

4 45 about 1078 sec

un]oaded'quaTity factors of ihé order of 10 The
few microsecond time respdnée'bf my‘system was determined by the elec-
tronics. Measurements in eavities of 1ower Q-values would permit
heaching a Tower 1imit of 10'7 sec. B

The Taser experimentS‘hevea]ed a'compenent, not observed with the
xenon f1a$h, with a decay halfetime of around 200ﬁmicroseconds; No
decay components were obserVedvbetweeh 200 microseconds énd the 4
michosecond’response time of thelamp1ifier Any‘component decaying
in times shorter than a few m1croseconds would be recorded at the
instrument-limited time of 4 m1croseconds |

2) Bacteria1 chromatophores

The photosignals frem chromatophores showed a biphasic decay with
a fast component'in_the mi1]isecond range and a much slower compenent
in.the range of several seconds. .The fast decay cdmponent was expo-
nential in all cases. Figure 28 shows the fast decay of the photocohj
ductivity eignal ofra R-26 chromatophore samp]e in response to 20-
‘3 microsecohd flashes. Figure 29 depicts its kinetic analysis. Figure.
‘. 30(a) is the photoconductivity signal from‘e R-26 sample in respohse‘
'i.to 20 m1crdsecond flashes at three va]ues of 11ght flux. The time

:‘response of the detection channel was .10 m1croseconds in that exper1ment.
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(arbitrary Qniisl)

Ao

62 msec Full Scale .

XBL 6912-3378

Figure 28. Fast decay combonent of'R-26 chromatophores. Photoconduc-
tivity signal in kesponse to a 20 microsecond-f]ash. Light wavelength
600-900 nm. Light energy: 5 millijoule/pulse. The trace was reco}ded '

in a computer averager.
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" R-26 CHROMATOPHORES

Log AT

- TIME (msec)

| oo - : ' XBL 6912-5383
Figure 29. Kinetic analysis corresponding to Figure 28. The plot log

Ao !g, time indicated a first order decay with a'halfrtime of 9 milli-~

seconds.
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: F;ZG R Sﬁhero/des CHROMATOPHORES
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Figure 30;; Photoéonductivity'éigna] in response to 20 microsecqndv1ight'
flashes (traced from the oscilloscope photograph). Trace (a): The'1ight
pu]sé'is‘shown_in the Tower part of the-osci11oscope scale; itvwas re-
corded with a PIN photodiode (time respbnse 10f7 séc), The ljght energy
was about 10 mi]]ijou]es of white Tight per flash at the sample locatibn.
The upper part shows the thtocdnductivity signal; the rise time'js in-
strument Timited. to about 10 mickoseconds. Tracé (b): The Tight inten-
~sith is 60% of that in trace (af.- The gain of the_micrdane'detectbr is
twice than in (a). Trace (c): The light intensity s 10%, and the gain

s 10 times lTarger than in trace (a).
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It may be seen that the onset of the s1gna1 is 1nstrument ]1m1ted
The ]ower trace is the 11ght pu]se as recorded by a PIN photod1ode
" The t1me response of the light measur1ng set- up was less than a
microsecond. » o | _ ﬂ

Experiments with the ruby 1aser-showed thatathe'photoconddctfrtty '
signal of a sample of R-26 chromatophores rose'with-time time constant
of the-detection system which was‘about 5 microseconds.in,those
experiments. » |

An additional component with a decay,half-time‘of 200-microseconds
was observed -

c. Light Intens1ty Dependence

1) Ch]orop]asts

A plot of the fractional change‘in conductivity,'ég-vs. light
energy per flash (20 microsecond f]ashes):shows that broken chloroplast

samples followed a dependence of the form:

B o k"

5 . where

=1+0.15 and I is the average number of photons per f]ash vary1ng

from 1014 16

to 5 x:10 o , ,
- Saturation of the photoconductivity;signals was. achieved only by
using the laser as a light source. Saturation was'obtained-at about

5 x 1017

photons per pu]se o

Long light pulses (20 100 m1111seconds) were. more effect1ve for
saturation_of the photoconduct1v1ty signals. L1ght pulses (20 msec
long) having the same total energy as the 20 mfcrosecond f]ashes (106
ergs) comp1ete1y saturated the photoconductivity,h It should befnoted

that the peak power of the radiation is much smaller tn the 1ight pulse
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than in the_f]ésh; A mone oetailed study of the phenomenon showed
~ that 1on§ pulses orodoCed a biphasic hise, with a fast component that
practically followed the rise of the 1ight pu]se,nand a slower one
that reached a steady'stéte value when the pulse length was increased
to about 100 msec. Since it was not possible to standardize the
samp]es'ibehavior to obtain reasonably reproducib]e'resulfs for ex- .
periments in;whichv]ong Tight pulses were used, I'proceeded with the
use of pulses ]ésting less than 10 milliseconds for the rest of the
work.

2) Bacterial chromatophores -

»As‘with the green p]ant materia1 the light intensity dependence 
of the photoconduct1v1ty signals in bacterial chromatophores was
]1near over a 1arge range of 1ntens1t1es. Saturation was observed
on]y in exper1ments with the laser at 11ght 1ntens1t1es c1ose to 1017
photons per pu]se ' o

The photos1gna15 for R- 26 chromatophores at three 1ntens1t1es of
the 20 m1crosecond flashes are shown in F1gure 30. The rise time of
- the s1gna]s is instrument limited to about a r1se t1me of 10 m1croseconds.

Figure 31 is a p]ot of photoconduct1v1ty vs. light intensity for
two d1fferentv11]um1nat1on conditions, the 20'm1crosecond_f1ash and
Tong pulses of 20 millisecond provided by the tungsten-iodine stepping
motor source. As was observed for green materiaT,vlong pulses con-
taining the same energy per pulse as the short pu]ses were more
effective in showing saturation effeofs of the photoconductivity.

The photoconduct1v1ty response to the long pulses shows sugns of non- |

15

linearity at 10 photons per pu1se F1gure 32 shows the photoconduc-

t1v1ty s1gna] in response to four consecut1ve 20 m1crosecond flashes
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Figure 31. The photocohductivity responded 1ihear1yﬁto 1ight intensity
for short flashes up to 10" photons/f]ash Evidence of saturation may

be observed for the 1onger pulses .
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Figure 32. Response.of the system used in Figuke' 30 to v.four consecutive
flashes. The h’ght intensity corresponds to that of trace (a) of Figure

30.
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of edua] intensity of about 5 mi]iijouies/f]ash.' The sample shows no
sign of saturation.

d.  Temnerature Dependence

1) Chioronlasts

Expgkiments‘on‘chlorbpiast films showed that fhe peak photoconduc—
tivity; Aé,.foi]owed a dependence on température.of the form:
o i -E /KT

Ao = Ke '

between 40° and»—4050. At the Tower température a phase transition
vias observed, resulting in a suddén change in'fhe cavity quality factor.
Such -a transition was not cbserved in the samp]es dried to constant
weight in a 9205 desiccétor. I attribute fhe effect.to the freezing
of bound water (Kuntz, 1969). Figure 33 shows the temperature depeh-
dence of the photo¢ondUctiVity of @ chloroplast sample dried -under
nitrogen gas flow: The acti?ation energy was ébout 0.3 eV above the
transitiqn temperature for both chloroplast andiquéntasome aggregate
samples. |

’Aﬁvthé temperafuré vas 1bwered, the slow compohent of the decay
(seconds range) was either inhibited or frozen-in at -5°C. The fast
component (10-20 millisccond) sTowed continuousiy.unti] at -80°C the
_decay half-time was several hundred miiiisecond$f 'Thevremaining sigrial
at -80°C.was aont O;S% of that at room temperafﬁfe; At -150°C thé |
vdacay rate. and the signal intensity increased td_about 100 mii]iseéonds

~and &5 of thc room tewperature value, respectively.

2) Bacterial gbyoma@qphoréq
- A plot of the logarithm of the peak photocbnductivity as a function

of the inverse of the ebsolute temperature gives a linear behavior
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Figure 33. Temperature dependence of_the_phptoanductiVity'of'ch]bro-
plasts. Ten msec puises of white light asjdescribed in Figure 25 were
sént to a Chlorop]ast sample. The temperature was mddified_by ﬁitrogea.
gas flow as described in Chapter II. The signal peak height is labeled
Ao. 'A p1otblog Aé vs. 1/T where T is the absoiufe temperature, shows a

| dependence of the form: Ao = ke Ea/KT

over an extended range. The full
dots indicate data when the tempeféture Waé 1oweréd and the open dots
the beak'condﬁctivity values as the temperature rose back. The activa-
tion energy, E5, from 1/T x_10'3 to 4 x ]0"3'was in this sample E; =

0.35 eV.



between 40 and 40°C w1th an act1vat1on energy of about 0 3 eV for _
pract1ca11y a11 samp]es - T » . | |

The decay time of the'mi11isecond component was temperatUre
dependent tn all samp]es inc1uding the PM-8 chromatophores. Figure 34
shows the effect of 1owertng:the temperatUre forhthe PM-8 sample. An
activation energy calcu1ated for the decay ha]f—tfme of:the'fast com-
“ponent of'that’samp1e'gives a value c1ose to 0.2 eV.4 That_va]ué,was.
' typ1ca1 of most bacterial chromatophore samples. The bacterial chroma-
~ tophores also showed a phase transition at about -35 to -40°C A
similar transition was observed by de Vau]t and Chance in frozeny
Chromatium ce]] preparat1ons when measur1ng the cytochrome ox1dat1on
absorbance changes. As for the green p]ant material, I attr1bute the
effect to the'free21ng of bound water (Kuntz, 1969),

The Seyera1—3econd'COmponent of the decay was completely frozen
at -35°, but in'distinction with the behavior of the chloroplast
samp]es, the fast component of the decay was: much 1ess affected by
temperature. It stead11y 1ncreased ‘to about 50 msec at 40°C, re-
maining rather constant down to 5150°C. The magn1tude of the rema1ning
. signal was a1so’comparative]y.]arger than in ch]oropiasts. - About 10%
of the photoconductivity at room temperature remained at -150°C'

| Table IV summarizes the photoconduct1v1ty resu]ts in R. phero1de
chromatophores discussed this far

e. Action'Spectrum and-Re]atiVeruantum Yield

1) Ch]oroplasts

The relative quantum yield was obtained as the ratio between the
'photoconductivity and the absorbance at the same wavelength. This

~ ratio would be proportional to the number of charge carriers per photon
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Figure 34. Temperature dependehce of the decay kinetics. Photocon- -
ductivity of a film of R. spheroides, strain PM-8, in response to one

millisecond flashes. v
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- Table IV.

Bacter1a1 Chromatophores

R. ghero1de Photoconduct1v1ty Measurements

Light..

: Saturat1on E . . K1netics
Sample Ad;E;§32;§ﬁ** intensity act1vat1on Decay rise
n 1., eV | fast* | slow
sat- . |(msec) | (sec)| 'sec
R-26"* | 1+0.2 |v5x10® | 0.3+0.1 | 1020 | 45 |<5 x 1076
: - - photons/ : »
_ flash , | .
G.A.. | 1+0.2 - | 0.3+0.0 | 85015 | <1073
M-8 | 1+01 | - 0.2 - | 5-10 | 5-10 | <1073
calculated '
from the
“decay half-~ |
times vs.
- temperature

* First order decays.

** 1t is assumed that a dependence of the form ac = KI" 1s‘f011owed by

the samples. I is the light 1ntensity (not larger ‘than 10]5

photons/pu]se)

* A rise kinetic component with a half t1me of 200 m1croseconds was
observed for this mutant under 1aser exc1tat1on

prov1ded the mobility of the carr1ers is not affected by 11ght
The ch]orop]ast films were not optically c]ear Measurements ef

the absorption spectrum were not very reproducible between different

samples, probably due to self-absorption effects and scattering. For

that reason a much smaller amount of material was used in order to

obtain chloroplast films with a reasonably good absorption spectrum.
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This 1atter restriction produced‘a poorer signaT to'ndise ratib than
in most other photdcdnductivity measurements' |

F1gure 35 shows the action spectrum, absorpt1on spectrum and
the1r ratio, wh1ch is. 1abe1ed relative quantum yield, of a ch]orop]ast:
samp]e The action spectrum shows a shou]der at around 700 nm which
is not v1s1b1e in the absorpt1on

Measurements performed by Blyumenfeld gt_g__ (1970), with better
spectral-reso]ution,'show tmetregions ofvspectra1 sensitivity, one
around 650-680 nm and another et about 700 nm. An interesting Qbser;
vation;tthat I was able to'reproduce; was that very careful desicca-
tion (1yophilization and immediate sea]ing’of the samples) resu1ts in
the disappeerance of the photoconductivity signal at 700 nm. The
650 680 reg1on is not affected It is known that the EPR signal is
completely “frozen in" under such cond1t1ons It might be of interest
to determine the light induced absorbance change simu1taneous1y with
theuphotoinduced EPRHsigna] and the_photoconductiuity. It is known
. that the.1f9ht'inducedfabsorbance-changes'originating‘at,the reaction
centers are also affected by the'nydration statelofuthe'samp1es. Recent
reports show that a chlorophyll-water interaction might'pTay,an»impor-
_tant role in the process of charge separation (Katz, 1971).

In section A it'was>shown that the dark ‘losses were temperature
dependent. tTherefore it was necessary to determine the re]euance of ‘
a poSsibie artifactua] signal arising from thermal modulation of the
dark losses. Two-experiments were performed‘on Ch]orop1asts in an
attempt to investigate the thermal effect of the light.

In a first experiment I found that tne thermé] activetion energy

for the dark conductivity of a ch]orop]ast<sémp1e was about 0.4 eV.
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Figure 3’5. " Photoconductivity action spectrﬁm and relative quéntum
yield. o: Act‘io_n spectrum vof the fractiona1 photoconductivity. -The
boints are normalized to constant incident Tight intensity. AThe 550 nm
reading was arbitrarily given a vaTue,‘of 1. e Réi;io g—g/% absorbance

- (labeled relative quantum yield). a: A_b_sorption- splet:trum of the

chloroplast film.
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(The_four conduétiyity values taken between 5 and 40°C fo]]owéd‘very‘
c]bée]y an exponential behdvidr'WHen'b]otted rersus_fhe jnvérse of
:absoluté temperdature. ) Assuming a heat capacity of I cal/degree grmn,
the temperature rise of a 20 mg'Samp]e \ould be about 10 m1111degrees
when a light pulse of ] millijoule is comn]ete]y degraded into heat
The predicted value for the fractional change in conduct1v1tyvdue to :

4 .

héating:under such conditions is (49) = 3 X 10 The actua]

experiment performed under the abovL :2;§1t1ons using the one m11]1—
_second strobe f]ash attenuated to about one m1]11Joule per pu]se gave -
a photos1gna1 49 - 6 x 107 _, which 1s about 20 times ]arger than the
predlcted thermal modu]at1on '_

‘ In'a second experiment'infrared'light befﬁeen 2 aﬁd 4 microns,
Where'the‘samp]e is knbwn to absorb, produced a change fn conductirity o
6f a ch]brOp]ast sample which was 1e$s than 5% of that produéed.by ah -
eqﬁa] incident power per unit area of vi51b1e light'between 550 and |
700 nm.  | | v

Both experiments lead to the conclusion that’ﬁhe_possible:thermal
'modu1étipnvof.the dark losses, dﬁe to the convérsibn of the absorbed
visib]erradiation into heat, does not account for thé‘photoconductiVitY
' sjgna]s} The conversion of Tight into heat might account for the small
‘photoﬁighals'cbserved in sam?]es heated.at 100°C for.severa1:minutes, |
which shoved slow rise and'deCay-times in:the mény hﬁndreds_of-mii]i-_‘
seconds, and were ebout 10% of the signal obtainedrfrom thé natiVe :
saliples. |

?) Bacterial chromatophores

Since the chroms tophores produced clcar r11m , it was possible

clear]y to rule out Lre direct heating effect of thc ]1qht An 1nfrdred ‘
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absorptioh stCtrum? Figure 36;.shows'that the sémplé of R-26 absorbs.
strbng]y betweén'3'and 4 miﬁrons Infrared‘radiétion'was obtained:
from a 1200 Watt tungsten projection 1amp and by a comb1nat1on of
.f1]ters constrained to a band betueen ] 5 and 6 microns. The upper
limit determined by the absorption of the pyrex-g]ass optics.and a
.g]ass Tight ﬁipe;b The ingident infrared 1ight.p9wér péf unit area
was abouf;S times larger than that‘of visib]e_i11umination proyided
by a combihation of the same light source_with'q 4 cm water filter
and an‘interference filter with a band bass between 600—900 nm. The
photbCOnductivity_signa]s from the R‘26 chfoMatophore sample in res-
ponse to the infrared illumination wére smaller thah thé noise level
of my detection systcm. _Ii]umination with the 6004900 nm.source're4
su]ted in photobonductivity signals that were about 10 to 15 times
F]arger'than the noise level. Therefore I conclude that to this limit,
the d1rect heatlng effect of 11ght was not respons1b1e for the observed -
- photoceonductivity OIIGCtS at microwave froquenc1es | |

F1gure 37 shows the resu]ts of a measurement of the action 9pec-.;'
trum for.a wild type R. _Ebgf01ocJ cnromatophore samp]e The ab«orp-
t1on spectrum was obta1ned from the same samplie in a Cary 14 spectro~
photome:er. ‘The guantities were already defined in F1gure 35. This
éamp1e also shows, as'did.the chioroplasts, a tendency toba larger :

relative quantum yield at long wavelengths.

2.__Photo-Hall heasurements

a. Chloroplasts

As was described in Chapter 1I, a power unba1dhce signal is ob-
tained from the balanced bimodal cavity when a magnetic field is

applied. 1T the sample is located exactly at tne antinodevof tne
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Figure 36. Infrared absorption spectrum of a film of R-26 chromatophores. ----- Absorbance of the

CaF, crystaT which was used as a support for the film. ———Absorbance of the chromatophore fi]m

~on the'Can crystal. The instrument was a Perkin Elmer NaCl infrared spectrometer.
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cavityle1e¢tr1c field, the signal may be interpreted as due to the
Hall'effect feSu]ting from the preSence'of'hobile’charge carriers
in the §amp1e. |
When light is introduced as an.additiona] perturbation, as dis-
cussed.invChapter II, fWo possible contfibutfohs to the observed
~ signal haQe to be considered WHen 1ntérpkétfn§ the resd]ts. First,
the effect of inhomogeneous 111uminati6h.of the sahp]e could result
'in a spurious rotation signa1'in the absence of a magnetic fie]d,rand
second, a éomponent'of the unbalance power always kesu]tsvfrom'the
pHotocondUctiQity'of fhé sémp]e; This latter signal is not-é changé
in.coupléd'power due to a>rotatf0n, but simply a reduction in the
intensftyvof.the cavity fields due to the photdinducéd samp1¢ losses.
Therefore, béfore app]itatioh'of a magnetic field there may be an
initial signal. Only the changes in coupled poWer due to the action
of:the maghetic field is to be considered as the Hall effect signal.
| A method for'extracting'the Hall effect sigha1 due to the pHoto—b
carriers is to apply a pulse of ]fght to a sample in the balanced
cavity in the absence énd in the.presence of a magnetic field. The
difference between the measured power unbalance signals is the rotation
signal due.oniy to the photocarriers. A control procedure to determine
that ‘the observed signal iS‘indeed a rotation is}td reverse the mag-
netic field direction. A Ha]]vefféct power unba]énce signal adds to
'lthe zero—fie]d signal with thé maghetié fier ina given direétidn
and‘subtracts'from.it when the field is reversed.:
- Figufe 38 shows the result of such avmeasurement 1n'évchloroblast
- film sample. One millisecond 1ight flashes prdducéd‘the zero-fie1d  :

signal shownvas'trace:(c). Traces (a) and (b) fesu]t upon application

of a magnetic field of 10 Kgauss in opposite directions.
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Figure 38. Hall effect. Pulsed measurément oh chloroplasts. The ex-
perfment'is'describéd in'the text. The direction ih whiéh the power
unbalance éhou]d point for a giveh carrier sign is sthn at the ]éft,
Tréce‘(é): Zero field signal;-:Possibly contributed by the photocon- |
ductivity signal and some spufious rptation.due to asymmetry in the

- Tocation and i]iumination of the sample. Trace (b): A signal in the
,.millisecondwrange corresponding to carriers of negativé sign is added

to the zero-field signal of trace (a). A slow rotation component is
seen as a decrease in coupled power which peaks atrébout'loo mi]]isecgnds.
Trace (c): The.signa]fcorresponding.to carriers of negative sign points’
downwards and is sdbtracted from the zero-field signal. " The slow com-
ponent points in the reverse direction and also maximizes at about

100 msec.
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The a]gebreic sum of tndce (c) plus (b) should give back the
signal of trace (a) with no field presenf.' A fast component of a
rotation signal 15 added in (b) and sdbtracted in (a) to the zero-
field signaf. A sTow component with oppdsite.sign.shOWS a maximum at
about jOO'milliseconds The averag1ng techn1que was emp]oyed for
this meaéunement M1crophon1c noise makes it rather d1ff1cu1t to
fo]]ow the behav1or of the sTow component at times longer than 500
m11]1seconds. Neverthe]ess it is c1ear from this exper1ment that two
rotation signals hav1ng d1fferent signs and different relaxation times
are produeed by illumination of the sample.

Figure 39 depicts the resu1ts.of a similar experiment for 50 msec
light pulses provided by the tungsten-iodine ]asen stepping motor
system. A more complicated decay pattern, which may be decomposed
into three or four rotation componenﬁs, appeare, 'Thfs result is-in
agreement with previous.obsenvations (pg. 27, ChantervIV, this.work)
that Tonger illumination times result in a more complicated behavior
of the,pnotdconductivity kinetics and light intensity dependence.
| The mobility of the photocarriers is computed from the peak Va]ue

qf the rotation signal. The values for the experiment in Figure 38 are:

0.6 cmz/vo1t-sec"

e

g 0.4 cmz/Vblt-sec

_ The‘procedure for the calculation of the Hall mobilities is given
in Chapter IIe However; it has to be noted at this pqint that only
the photoinduced_chénges-in the diagonal and off-diagonal elements of -
the conductivity tensor should enter the computation of the photo-

mobilities. The former is simply the photoconductiVity of the sample.
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Figure 39. Photo Ha11'effeét; pulsed measurements{ The e%Periment is
sﬂnilar‘tb the one'described in Figufe 38,'the oniy difference béing |
ih the 1ength of the lightvpu1$es and the pulsing frequency, which in
this case is 1.8 Hz. 'Tracg»(a): The zero field signé] as recorded

from the computer aVefagef}after_SO passes. Trace (b): The photosignal
with a 10 Kgauss magnetic'field applied to the sampie. ‘For.thé direction
of- the applied magnetic field an increase in power unbalance corresponds_
.to positive carriers'(dpwards def]ectibn). The main feature of Trace (b)
s tHe abpearance.of a sequénce,bf components, tWo possibly boinging
downwards (negative carrigrs; a'and‘c).éﬁd one or two in the reverse
‘directionf(b and‘d);"Trabéf(a):"Thé“Tiﬁhf pulses kecofdedfsimu1tanédusJy

'by_a_si]icon $1020 photocell.
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The latter is given by the rotation photosigna].

given by their ratio.

The Hall angle is

The photoconductivfty was measured in the bi-

modal cav1ty by unba]anc1ng the cavity with the capac1t1ve plugs:

The photo-rotation measurements were performed by unba1anc1ng the

cav1ty with the res1stance'p1ugs.

The two measurements were performed

sequentially with the same sample under identical conditions of -

illumination.

Table V summarizes the results of the pu]sed measurements on

three ch]oroplast samp]es.

in Figure 38.

Sample a corresponds to the data presented

Light Measurements in Chloroplast Films

.. Table V.
: Light™ |Carrier| Photo-Hall| Life-
Sample| 4o/o dark |intensity| sign |mobility, u_| times an
-3 -1 1] Joule 2 ] # Photo-
x10 Q cm | Tash cm‘/vo]t Sec| MSeC |...riers
a | 2 | w3 107d - |o6+0.3 | 15 |5x102
| 1+ ] 0.4+0.2 100 |
b | 5 [2a03| 103 | - |o9ros | 10 | 10"
' + 0.6 + 0.3 [150-200
A -3 | 13
c 11 1x1073 10 - 0.3 +0.2 10 10
- 0.4 +0.2. | 100

* 1 msec xenon flash, white light

The photocarrier concentration was calculated by assuming that the |
- photoconductivity signal results from a change in the concentration of -

carriers alone. Rigorously, Ac/o =

an/n + Au/u , but it is assumed
in the ca]cu]at1on that the second term is smal]er than the first. The

'ca1cu1at1on is as fo]]ows



ing
hIfléaark'= nqu, where o‘{s the cdnducfivity, q is the carrier
charge and , the mobility,then it is assumed that Ao = Anqu.
-:Since‘AO/odark ?hd,cdark arelmgqsured, the value of Ao is com-

puted. Then:

v. . . 3
~ # carriers/cm

' . ‘Ao.
LB
I.used for the calculation an average value of u,ibetween_poéitiVe

- and negative values, g;g, <> = 0.5 en?

volt-sec for;samp1e (a). :an
is obtained as a'¢arr1er cdncéntration. To'compute the absO]hte
number of generated photocarriers, that value was multiplied by the

sample volume.

b. Bactefia] Chromatophofés
' The chromatdphbreAsamPTés beﬁaved_fn a fashion similar to the |

| green materia]. AﬂsignAreVerSa] of the rotation signa] was observed
in all thé normal mUténts. Figure 40 shows the’rotétioh signal in an
R—26.chromatophore'Sampie. 'Trécé (a) 15 the 1ight‘pu]$e'as méasured
by the si]itohﬂphotoée11. The frequency §omp6hént$‘beiow 10 Hz are
exc]udéd by.usefdf thé ahp]ifier'roijéoﬁ}filter. .Tﬁis procedure Wés
used to enhance the observation of fhe sign reQersal which in previous
measurements was pérturbed_by the low frequency microphonié noise com-
ponents. Trace (b) Shbw§ the rotatiqh signé] for chromatophores. A
downwardsfdef]ection cor@espond;'to-negative charge carriérs, A field
of 10 Kgauss is applied in the experiment. The positive carrier rota-
tion component maximizégfih”thé'chromatophoré sample about 10 mseé
after the flash, by contrast with the ch1orop1astvs§mp]es that gave a
positive carrier component in the 100 msec range. ‘Tréce (c) is the-

photoconductivity response of the same sample. Foftunate]y, it was
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Figuré 40. Photo Ha11-mob111ty measurement of’R426’chromotophores. (a)
The 1ightbf1ash is recorded by the silicon photocell. (b) Powef un-
balance signal due to a Ha]] effect'rotation; A downward def]ectionv
indicates carrieré of negative sign. (c) Photoconductivity signa1

from the same sample (shown pointing downwards for conveniénce).
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possible thh th1s samp]e to minimize the base11ne spur1ous rotat1on
and photoconduct1v1ty s1gna] to a Tevel be]ow the no1se Therefore,:
trace (b) is seen as a pure.rotat1on s1gna1. Trace»(c)'was obtajned
with feéciive unbalance of the éavity where rdtéf%ons do~not_cqnfk1~
bute to the>photo$igna]$._

| Table VI summarizes the measurements bf photomobilities for fhe
R. spheroides mutants. | |

The typical sign reversal was not observed on the PM-8 mutant

samples.
' Tab]e VI Photo-Hall Mob111ty Measurements
Bacter1a1 Chromatophore F1]ms
' ~ 1 'Light  lCarrier Photo-Ha]] Life- | .
Sampje_ ,AOZO °dark |intensity| sign |mobility, uL| times an
"n"]Cm-] %?glﬁ . cmz/voTt-séc msec ﬁa$??£$;
(ﬁ-zs' [3x1073| 2x1073] 1073 | - 0.8+ 0.3 | 58 | 10/
ve. 3| . - : ' : - :
samples)| N 0.3 +0.1. | 20-50 |
Soh. 21073 1073 107 | - 0.4+0.2 | 510 1072
Ave. 3 | N '
~ samples) I T 0.2+ 0.1} 30-100
ri-g (x1074 107t | 10 | - o+ | s [ 10

* 1 msec xenon flash, white light

S1nce there are other mechan1sms which. cou]d g1ve rise to a
Faraday rotatwon, such as the 1nteract1on of paramagnetlc center w1th
the m1crowave mfgnet1c fwe]d ‘the sample pos1t1on was varied a]ong the
vZ axis of tne cavity and the dark and photo1nduced rotat1ons were

- measured. It was clear that the maximum va]ue,for'the effect'was
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obtained with the sampTe-located at the center'of the cavfty where
the electric field is a'maximUm.j'Other_effects,'such'as gross orien-
tation of sample components in a magnetic field due to anisotropy: in
the magnetic»susceptibi]ity, a]though not impossible, have to be con-
sidered very uniikely to occurvin our dehydratedfspecimens. Such
orientation‘effects have been._detected for whole thylakoid structures

in solution (Geacintov et al., 1971).

.~ Quantum Yield and Pigment'Units

The va]ues of tnc pnotomob1]1t1es now available perm1t an order of

_ magn]tude est1mat1on of the quantum yield for the process of carrier

' generat1on by Tight.

v ' Severa] exper1ments for the determ1nat1on of the necessary parameters

for the eva]uat1on of the quantum yxe]d were performed on ch]orop]ast

and R-26 bacter1a1 chromatophore f11m samp]es The-d1spers1on in the

values for samp]es of the same batch never exceeded a factor of two.
Measurements were performed of the absolute conductivity, the photo—

conduct1v1ty, the 11ght energy per pu]se, the samp]e opt1ca1 density at

the actinic ]1ght wave]ength the tota] ch]orophy]] (or bacterfoch1oro-

phy]]) content and the sample 'volume.

_ An out11ne of the calculation fol]ows:,'Therconductivity,’o,'is
given by . ¢ = nqu, where n‘is the carrier“concentration q the charge; :
and u the charge mobi]ity It 15 assumed that a 11ght pulse produces
an excess carrier concentrat1on an, and the mob1]1ty is* constant.

Hence, Ag,

an =
T qu

The total numbergof carriers generated over the volume of the.

samp]e‘is‘ngz ns”= an - v, where v_ is the volume of the sample.

S
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The Quantum Yield, QY, is given by:
_ . . .
QY =2
()

where_(hv)A is the total number of:photpns absorbed by the-sample.
“The maximum vé1Ue'f0r the quantum yield is obtained in the 1ineér
range of photoconduct1v1ty response to 11ght 1ntens1ty This is the
case for the b1o]og1ca] samp]es tested at 1ow light intensities.
The size of the p1gment un1t that generates a single’ carrier is
estimated from the value of the photoconductivity at saturating light
intensities. The number of pigment molecules per charge carrier is

denominated Pigment to Carrier Ratio, PCR:

PCR = Total number of chlorophyll molecules/sample
o ' Maximum number of carriers/sample -

where the maximum number of tarriéks‘--Ao'(ﬁaturation) / eu.

The resu]ts for two selected samp]es are given in Tab]e VII. In
eveny case, QY 1s eva]uated at Tow light intensities and PCR at satura-
tion. TwQ va]ues are reported for QY. and PCR. -They correspond to the
upper and lower limit set by the dispersion in the experimentally ob-
served mobilities. The values used for the photomobilities were
1 cmz/vo1t;sec and 0.1 cm2/vo1t-sec as the upper &nd lower limit,
'respeqtively;

Both ta]cUlations'Were pérformed with values of photoconductivity
obtained from fhe péak Height of the signals. Therefore, if there are
kinetic components rising and decaying in times huch shorter than the
few microsecond time reéponse of thevmicrowave instrument, the Magni—

tude of the observed signals might be considerably smaller than the

4



Table VII. Light Intensity Saturation‘and Quantum Yield Data for Two Selected. Samples

.

:Sémple

*k

Filter bandwidth
750-900 nm

SampIE‘_ ‘ I Ao/o Tgﬁ?], Sdark | volume (1;Q - Q;?2$gm (])PCR ='c§;ngctr§gio
| photons mg . -1 ‘-1v'fh  2" Earkieks o pfgmént molecules
- flash | sample @ cm- 1»cm . photon =~ .carrier
- Chloroplasts . 10]4" 5 x 107°
N, dried 10:: |7 x'lo’: 1 |
Sample ODgg, = 1.8 10 6 x 10 _ _' S - - -
Light source:. {5 x1011.5 x 1072{34 x 10734 x 10732 x 1072 1073 - 1072 10% - 10°
ruby laser ]017 12.0 x 1072 o o ' | o \
A = 694 nm 10'® j2.2x 102 =
- R-26 B
Chromatophores >10]4 1 ax10? L - , o .
Sample 0Dggy = 1.4 10'° 136 x 107315 x 10732 x 10731 x 1072 1073 -102 | 5x10%-5x70
Light source: 100 1.2 x 1072 o ' |
20 uS xenon»f1a$h -]017 ‘ 1.3 x 1072

ST

.*Computed for the 1ineak Eespohse region (10'" photons/flash) of the photoconduttivity.

**Computed for. the saturating light intensity photoconductivity value.

gl)The two values reported correspond to the upper and lower limits, determined by the dispersion in the values
of the photomobilities used in.the calculation. The details of the calculation are given in the text.
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true peak'va]ues, thus resuiting,in-an underestimation‘of-QY};,Moreover,
any refinement in the above caicu1ati0ns, such'as.the'effects'ofi
trapping;.wouid result in an increased value for the "true" quantum

yield.

4, Effects of Some Chemica1 Agents on the Photoconduct1v1ty

Assuming that the observed effects are 1ndeed due to photogenerated
charge carriers, it 1s not clear how they are reiated to the functioning

of the photosynthetic apparatus

My approach was to apply to the samp]es some chemical agents known '

to perturb the photosynthetic apparatus, and as an indicator of the
act1v1ty'I tested the same sampies for the presence of light-induced
EPR signals. | | |

| I proceeded'to investigate the action of'substancesvSUCh as DCMU,

(3- (3 4' dich]orophenyi) 1,1- dimethyiurea) PMS, (phenaiine'methofui—

fate) 0- phenanthroiine, ascorbate and some redox agents such as ferri-

cyanide and ferrocyanide ions and dithionite, by 1ncubat1ng the sampies
w1th the agents before the mounting and dehydration procedure

| Observations under those conditions are very irreproduc1b1e. Once
the samp]e_is,dehydrated the chemica]s crysta]iize in the sample and
it is“difficuit to distinguish between any truejeffect‘and gross de-
naturation. Therefore, I proceeded to mount the samp]es fo]]owing the
) geometry.used-for the Zn0 crysta]s. The suspension of photosynthetic
material is spun down in a cyiindricai (4 mm diameter) tube and mounted
in the cavity as described_in Chapter IV. Photoconductivity measurements
without any addition are taken; and then the sampievis resuspended, in—
cubated w1th the de51red chemical agent, centrifuged again and repOSi-

' tioned in the cavity.
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The a]terhatfve method of -adding a small crystal of the desired
chemical to the Sﬁperhatant solution, followed by observation of the
changes as'ft disSoived dﬁd diffuses.into the chiohop]aét samplé,
proved to be very useful because it intfoddced_aurather'sma11 pertur-
bation tdvthe micrOWave.system funing.' Thé présence of a sample with
different compoéition and different d1e1ectric cdnstant,‘implying av
different résénance ffequency fpr the cavity, does not permit any}
_ quantftatiye»cont]usion from this kind 6fkexperimeni.v Neverthe]ess,
qﬁa]itati?e obser?atfons regarding éhanges in kinetic prdperties are
alid, , » T . o o

" The only consisfent]y repfdduéibTe observation was the action of

K ferrfqyanide solution. A dkop of a 10% solution of ferricyanide in
~ the supernétant resu]ted in fhe gradual disappearance of the fast
décay'COﬁpohént. Sihce I Caﬁnotféompare”signa] intensities (the sys-
tem réquiked fétuning),lit is.imbossib]e fo distinguish:between inhi-
bition or Stabflization'df the.decay componenf. :Figuré 41 éhows the
effect on chloroplasts. uThe upper traée (a) shows:the signa]_befoke
any'additidn. The fééf component accounts for as much as 50% of the
tota]’photoconductivity_signa]. The middle tracé (b),vtakeh about
2 minutes later,:shows the gradua] Tengthening of the fast decay'(or_
alternatively its partia]'inhiﬁition). The last trace (c), taken 5
minutes after trace (5), shows the virtuaT disappéarance of any deéay
componeﬁt shorter than hundreHS'of mi]]isécdnds. -

'Ferriannide préduces Stabi1ization of the EPR signal at g ='211n
chloroplasts as well as in bacferia1 chromatophores, possibly by main-
_tainfng the reaction cénter ch]orophy11 species, which is assumed to |

produce the signal, in its oxidized radical cation Sfate; '
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' CHLOROPLASTS

1 LY W R R SR 1
0 . 200 400 600
TIME (msec)
Figure 41. Effect of Fermcyamde | : .. ' XBLT723-4568

(a) Photoconduct1v1ty signal to the 1 msec f]ash from a "wet" ch]orop]ast

samp]e (see descri ption in text). (b) A drop of a 10% so]ution_ of K ferh’—
Cyanide was added to the s‘upernatant in the sample holder. The trace waé B
recorded 2 min after the addi.'tion. ‘(c_) Trace recorded 5 min after the . |

addition of ferricyanide solution. The fast component is absent.
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M1xtures of ferr1 ferrocyan1de had measurab]e effects on]y when the
mo]ar ratio was 1arger than 5, which corresponds to redox potent1a1s
1arger than +0 48 volts. The EPR s1gna1s are half- 1nh1b1ted by redox
potent1a1s around +0. 45 volts. ' ‘

The observat1ons in bacter1a1 chromatophores are qua11tat1ve1y
similar to_those 1n‘ch10rop1asts,-_Ferr1cyan1de-ferrocyan1de mixtures
,»1nhibifed the,fast'deCaying component at retios 1arger than 5-6. |

No differente-in kinetic behavior was found’in the PM-8 samples
after addifion_of a solutfoh of ferﬁicyahide; However, I_can meke no .
statement regarding effects on the siQna] intehsity. |

Addition of'e drop of detergent solution to the supernatant had no
effect on the signals. Triton X at 2% (w/v) concentration and Na dode-
cylsulfate at 2% (w/v) were tested. No effects from the detergents were

found on the EPR signal in either chloroplasts or chromatophores.

5. Photoinduced Change‘in Dielectric Constant

a. Chloroplasts
~ For most of the measurements discussed thus far a servo-control of
the microwave oscillator frequeney_to that of the cavity was the usual
procedure Much of the microphonic noise, whice-arises from variations
in the resonant. frequency of the cav1ty, is avo1ded by ut111z1ng such an
AFC system. M1crophon1cs are contr1buted by changes in cav1ty volume,
possible motion of the sample holder, and sample v1brat1ons. In such a

configuration, only a change in ¢ centributes to the signal. There-
fore, one can_obtain‘a_pure absorption signal even in the presence of .
dispersion, g;gf; change in e'. The contrary is not true. To obtain

values for'chahges in €', the AFC system is disconnected and a double
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bhasé-sensitive detector is uti1iied.to distinguish the in-phase (éb-
sorptidn) frdm the out-of-phase (disperSion)fsignaTS.‘ Fdr very sma]]
changes, the.90 degree'out-bf-phase Sijna]}ﬁs bréddmihéntiy ﬁrOpdk-
tional to the change in_die]ectrié constant, but for 1afge~chénges some
mixture'of the two'components is_obtained._ During dehydration,vthe
samples'undergo 1argé éhange§ ineg': in §ucH cases abso]utevvalues for
¢' are obtained by;méasuffng the resonant frequency of the cavity.
I11lumination of highly hydrated samples pfoduces changes in tempéras
ture, and consequently 1h.e’;' This process can be f0110wed.as a é]ow
(many second§) change in the AFC error signal upon.flluminétion;' These
effects are-reduced to a ﬁinfmum whén the.sample-hasA1ost most of its
wafer content. A rather fast component can be detéctéd in fhe 90 degree
channel following light pu]ses.' The rise}and decay kinetics resemble
those of the ébsérption signals. The order of magnitude of the
fractioha] changes'in e' was about 107> to 10'6 for the 1 msec light
pulses by the xenonvstrobe. The Tight enehgy'was a few mi]]ijou]es/
pulse, of white nght. . 1 o

It was frequentTy obServéd that the changes in e' followed more
closely_the behavior of the slow (a few hundred mi]]fsecond) cbmpdnent

~of the photoconductivity signal decay than that of the fast component.

For instance; the changes in the dispersion channel -seemed to disappear,

or to become very slow at temperatures close to -50°C; while the signal
in the absorption or photoconductivity receiver were still present

and decaying in tens of milliseconds.

»
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b. Bacterial Cﬁromatbphores

The norma]lstrains showed light induced changes in the values of
die]ectricvcbnstant. The G.A. mutant produced vd]ues'ofﬂfractional |
| changes ine' as hjgh as‘TO'5 for 5 x:]O'.3 joule (1 msec) flashes.
Strain R-26 always gaye values 4 to 5 times larger than G.A. for samples
of compérab]e size. Typically, for R-26, Ac'/e' = 5 X 10'5.

“An interésting observation in the reaction centerless mutant PM-8
chromatophores is thaf the films obtaihed from this straih under nitrogen
gas desiccation’conditiohs did not show, at my sensitivity level which

was about Ae'/e' = 10'7

, any changes'in the dispersion channel produced
by light pulses. A test of the samé sample,for light induced absorbance
changes at 870 nm and for EPR signals, was negative, as expected from

known literature data,

6 Background I11um1nat1on Effects

It is very often found in the field of photoconduct1v1ty that the
kinetics of the photosigna]s in‘the presence of traps do not reflect
thevtrue.recbmbination lifetime of the phétocarriefs, but rather the
‘rate at which the traps aré emptied.,'A‘commbn method for studying such
situations is. to illuminate the sample with a steady light superimposed
on the pulsed light. The steady 1light generates a high concenfratibn
of carriers which‘keeps the traps~practicé]1y full. Trappingvéffécts
are thus reduéed and a change in kinetics--usually the appearahce of -
faster rise and decay components--is Observed Such components might
be related to the d1rect generation and recomb1nat1on process or to

some other faster 1ntermed1ate trapplng step.
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The ]ong decay times that I observed in the photosynthetic materiai
as wei] as the presence of a bipha31c rise when I used 1ong pu]ses of
high 1ight 1nten51ty, were suggestive of trapping effects Direct re-d
combination processes would resu]t 1n much faster kinetics

In a search for such phenomena background 111um1nation was added
to the modu]ated 111um1nat10n | .v 7 |

Light from 4OO to 600 nm of 10'3vwattS/Cm2 intensity was superim-
posed on 100 msec light puises of 550 to 700 nm'light of‘intensity
5 x 10'3 watts/cmz. ‘The repetition rate was 1 pulse per second.

Figure 42(a)“shows the photoconductivity response of a chloroplast
sample under the conditions described above 'Apparently the signal
shows on]y the slow component of the decay, a 51tuation typical of very
Tow light inten51ty pulses, such as those app11ed here When background
1ight was added-to the pu]ses, the rise and decay kinetics showed the

appearance of a faster component Th1S is shown in Figure-42(b) The -

- action spectrum for this effect 1nd1cated that 1ight of any wave]ength

absorbed by the sample is equa]]y eff1c1ent Another observation in
Figure 42(b) is that the photoconduct1v1ty signal did not change'in
‘magni tude; only the kinetics were modified. |

The transient photoconductiVity signal in Figure 42(b) has been
labeled at severa]'pointsuwith the:]etters;A,'B, C, D, and E, to facili-
tate its‘ana]ysis;..Hornbeck and Haynes'(i955)'foundvstrikingiy similar
effects-in Si]icon samp]es; ~The.si§na1 is interpreted by them as
follows: ‘the COnductiyity rise from A to B originates from the charge
| pairs generated by iight; until a steady‘state»concentration of carriers

1s reached at point B. The increase in conductivity”from B-to C is
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CHLOROPLASTS

0 - 200 400 600 » 800
' ~ TIME (msec)

Figure 42. Effect of Background ITlumination. XBLT723-4580

(a) Photoconductivity signal in response to low light'intensity pulses

4

of 100 msec. Total energy per pulse is 10~ joules. No background

i1lumination is applied. (b) Photoconductivity signal when background -
i]]umi.nat'ion was applied simU]taneous]y with the same 1ight pulses.

The photoconductivity at point C (peak value) is ac = 4 x 1077,
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‘ev1dence of the trapp1ng of one of the charge spec1es "~ The complementary
’ (free) charge contr1butes to the conduct1v1ty At po1nt C a final |
steady state is obta1ned. The 11ght is shut off at C; a sudden drop
from C to D is interpreted as caused by the direct recomb1nat10n of
charge paihe until the bands are praettca11y dep1eted; At point D the
conduct1v1ty is still larger than that at point A by AGDE;‘ This latter
va]ue is caused by the detrapped carriers complementary to the spec1es
in the traps. The transient change from D to E is due to the" therma]
emptying of the'traps.' If_the'detrapping ratelconstant is smaller than
the recombinatjon constant; the decay rate frqm D to E is practica11y
the rate at which theAtraps are emptied. A very simp]e kinetic scheme
ié used in drder to 1nterpret the‘results andia brief.deseription of it
follows. ' - U

The systen consists of a valence band, a conduction state (which in
chloroplasts does not necessarily involve a typical ednduction band),
and a'density of.thapping'states at a discrete energylleve1'be10w the
conduction state, Ef. Thus there 15 an energy of actfvation ET-EC#Ea
for the trapped carriers to reach the conduct10n state. The following

d1agram shows the energy levels.

Ne» Eg congggtéon Ne _ [n] |

| o 1 k3%4 |
by 1 e by
AAAAANS N
o o SELY
N g, valence 2

v Ty band - @
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‘Let n equal tne excess dens1ty of e]ectrons in the conduction
) states, with respect to the therma1 equ111br1um va]ues, Ny equals the
| exCess“density,of“eleétrons‘in the traps, ¢ is the absorption coeffi-
ciént 'L:is the photon f]Ux, S ié the chsé Section for electron Capture

by the. traps, v is: the thcrnal veloc1ty of the e]ectrons, and Nr is the

© density of norna]]y empty traps.

The rate constants for- the systemvare as?folloﬁs: k]"is the
kinetic cbnstant for the proddct{on of charge pairs, k2 is the recom-
bination constant, ks is the rate'of Frapping ahd‘k4‘is the rate of
defrapping of electrons from the traps. | | | |

" The value of k3.i$'aifUnction of the'trappihg’cross section, the
velocity of the carrlers, and the denswty of empty traps at a given

time. Thus k NT S-v when the trapp1ng sites are emp.y .

3max
The obs°rved change in conductivity after 11]um1nat1on is given by:

Jbo = | I’le"(u+ + u_) + nse p+ o
where it is assumed that for every trapped e]eftron there is a free ho]e_
left in the valence state. At Tow ]1gn» 1ntcn5111ec the second term
represents the major contribution to the conductivity. The first term
becomes dominant at high light intensities or at very short times after
the light is turned off (a fime of the order of the recombination tine).
The differentia) eQUationS_for this case ére aSvaTTCwS‘

dn

gt - el (il,-n) + kgnp - Svn (NT-nT) kon o (1)
dnT _ '
G = (NT—nT) Sy -_k4nT R - o (2)

A sclution of the simultanccus equations for the steady state gives:.
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SV A

o (N,-n)
.‘k2

el and ng = NT [ 1+

A siﬁi]ér Systéﬁ in whfchlthé trappedAépeCies is é hole instead
of an-eléctron'yiers‘the'same'dffferentié1'éduations and consequently
equivalent so]ufibns. So]utibnévfbf thé transiént chdnges”in carriér
concentration affer the 1fght is shut off and under fhe action of
steady background i]]Uminatioh are givéh by H and H.  Abbroximations
éoncernjng the various kinetiévcbhstantég which may not épp]y to the |
ch]ordp]ast Sample, ére used in the treatment. NeVerthe]ess, the cal-
culations of some parameters are possible without the use of the exact
solutions. | | | o |
The trap density may be estimated from.AbDE, which is mainly due
to the éompiementary (free) spécies;. Although there is no."a priori"
reason fp consider the thévas}thé trapped spécies,_the negative sign
of the first temporal Compbnen£rof thevphotb?HélT éfféct suggests that
such is the case. Thereforé; Ny = A&DE/qg_ . |
The ihitia] trappihg rate is'c]osely given_by'the initial s}ope of
BC,S‘—S-I{]O , using eq. .'(1): | - |
B -; g 0 R
O . = (NTSv) ng

where ng is the excess concehtkationvof carriers in the bands at point B
v .- Ao ' : ' ' :
R L _ _AB
and.js given by Acpg, as: ng = e v _
the cross section for trapping, is possible by assuming v to be the

Therefore,_a calculation of S,

thermal velocity of a free electron. At room temperature v =’]O7 cm/sec.



| -143-

Figure 42(b) gives the fo]]ow1ng parameters:

‘d T o - \ -
3t Y 10700 ! sec! eu_
B S
- ng ¥ q6x107 o an! /‘eﬁ;
' ."g‘ 12 -3: -
s ¥ 10718 - g7V
Total ch]orophyIT in the sample 2 10]5'mo]eeu]es
Pigment to trap ratio = 102 - 10

" The value of S is of the order of the area of a small organic mole-
cu]e- The upper and 1ower limit va]ues are determined by the va]ue of
the photomob111t1es ‘which range from 1 to 0.1 cm /vo]t sec.

It js 1nterest1ng to notevthat a ca]cu]at1on of the pigment to
carrier‘ratio, frem tHe saturation exberimeht gives for a simi]ar sémp]e
PCR = 102 Q-i03. Therefore “the number of mobi]e carriers is comparab]e
to the humber:of traps. The fact is 1ndeed suggestive that the observed
charge cerrieré at low Tight 1ntens1t1es are the comp]ementary species
to avtrapped ¢hérge,'whi¢h.migﬁt be'the'ch]orophyli eation radical.

The_behavior of the signa]; in the absence of:backgroﬁnd illumination
may be Qnderstood in the following terms: The probabi]fty for‘an electron
~(hole) to be trapped when all trapping.sitesvare-empty is much:]arger
’ than;tﬁe probabi1ifyvfor recombination; the_charges,generéted'byAthe -
light will tend to fill up.the'traﬁs before buf]ding up_azsteadyjstate
' concentrafion of charges in the bands. When backgrouhd i]]uminatfon is
present, a fraction of the trape isAf111ed 1eeding toeéﬂdecreaéexin=the
.probability forvtrappfng. When the recombfnation rate Eecomes larger

than ‘the trapping rate, a steady state éharge cbncentration, né, is
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bu11t up in a t1me of the ‘order. of 1/k before appreCiable trapping

occurs, resu]t1ng in the fast rise component observed in F1gure 42(b)

C. D1scuss1on

The s1m11ar1t1es between the photoconduct1v1ty and the EPR signals
suggest a c]ose funct1ona1 re1at1on between the spec1es that or1g1nate
the effects. Tab]es VIII and IX summar1ze “the ava11ab1e observat1ons
The observed s1m11ar1ty in behav1or between the photoconduct1v1ty and
the EPR signal does not necessar11y 1mp1y that they or1g1nate from the
same spec1es, the EPR signal could or1g1nate from a trapped hole :
_(bacter1och]orophy]1 cat1on rad1ca1 ~ for 1nstance) and the photoconduc-

tivity arise from the‘complementary charge; if}free " The appearance,
but not necessar11y the decay, of one spec1es ‘would then very c]ose1y
follow the other. | |

_Previous'work by severa]»investigatorshhas~shoWn that the probable
assignment for the paramagnetic species that gtves the photoinduced EPR

s1gna1 is the ch]orophyl] (or bacter1och]orophy11):cation:radicai It
has been a very striking fact, however, that the EPR s1gna1 from the
complementary (reduced) species has not_been;observed, A-sing]e photon
produces only one spin. A migrating charge does contribute to the para-
-magnetism of the material, butvtts paramagnetic resonance signal might"
fnot.be observed under conventional conditions. Efforts by Feher‘have
1indeed shown a broad light dnduced EPR signal at very low temperatures
in R. phero1de react1on center preparatlons :The signa] was tenta-
vt1ve1y assigned to an iron ion, which was assumed to be]ong to the
'pr1mary acceptor molecule. Recent work has shown that total removal

~ of the iron does not affect the appearance'ofvthe photoinduced EPR




 Table v111.

Comparison between Photoconductivity and EPR Signals - Chloroplasts

Parameter

Photoconductivity

EPR Signals

‘Reference

Decay half-times . -
Rise kinetics

Effect of temperature
-15°C

-150°C

40°C to 0°C -

100°C
- 60°C
Addition of
Ferricyanide

Light intensity
saturation

0.2 & 10-20 msec; 3-5 sec

<4 x 10'6 sec

Blocks decay of 3-5 sec
component

Very small signal remains
Rise: 100 msec
Decay: 100 msec

Signal decreases with an
activation energy
= 0.3

Destroys signal

No effect

Inhibits or stabilizes the
20 msec component

Two to three orders of
magnitude larger than
the intensity to saturate
CO2 fixation

3-5 sec

<]O'3 sec

Blocks over-a11 decay

Photosignal is frozen-in

1.Signal slightly decreases
from 40°C to 25°C.

2.Signal slightly increases
from 25°C to 0°C-

Signal disappears
No effect

Stabilizes the signal .
decay

.Two orders of magnitude

larger intensities than
that which saturates
CO2 fixation

Bolton (1968);
Androes. (1962).

14%

Androes (1962);
Heise (1962)

Treharne et al. (1963)

H

This work

Androes et al. (1962)




Table IX.

Comparison between Photoconductivity and EPR Signals - Bacterial Chromatophores

" Parameter

Photoconductivity

EPR Signal

Reference

- Decay han—timés (25°C)

Rise kinetics (25°C)

Effects of temperaturé
-15°C |
-150°C

40°C to 0°C

100°C

60°C

~ Saturating light
intensity

Effect of addfng
ferricyanide

Biological perturbation

Ndh-photosynthetic PM-8
R. spheroides mutant

-iDestroys signal
- [No effect

|Orders of magnitude larger

0.2 & 10-20 msec; 5 sec

<5 X ]0'6 sec

Blocks the 5 séc decay

A signal remains having a
rise time 17/ <1073 sec
--and a half-decay -
50 msec

Photosignal decreases. with
an act1vat1on energy
E = 0.3 eV

than that which saturates
002 f1xat1on

Inhibits or stabilizes. the
20 msec decay component

Shows a very small photocon-
ductivity signal corres-
ponding to a very small
quantum yield for carrier
generation.

20-30 msec; 5 sec

-3

<10 ¥ sec

Blocks the 5 sec decay

The fast component of. the
signal remains. Rise
time and decay half=
time 30 msec -

Signal decreases s]1ght1y
from 25°C to -15°C

Destroys signal

No effect

Orders of magnitude larger

_ than that which saturates

COzbfixation

Stabilizes the over- a]]
signal

Shows no EPR signal induced
by light

Bolton (1968);

Androes (1962).

AndroeS'(1963);:.

Heise (1962).

This work

‘Treharne (1963)

Loach et al.

Clayton (1964)

.(1963)»

C-opl-
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signal attributed to bacterioch]orophyl] and also of a second light
induced signal with a g'value of 2.0047 at 9 GHz. This second signal
was previously observed by Loach (1971) and has not been assigned to
ény molecular Componént yet. »

I suggest the possibility that the photoconductivity signals may
correspond to the mobile negative charge species complementary to the
trapped positive.ho1e.. The first temporal componeht'df the photocon-
ductivity signal exhibits a Hall effect corresponding to negétive
cérriers, a fact consistent with the above interpretatibn. |

Experiments with the reaction centerless mutant of R. spheroides
showed a Very small photoconductivity signal (which undef my experi-
mental conditions may well be accounted for by the thermal effect of
the light), and produced no measurable pnoto-EPR signal. This evidence
suggests that the reaction center structures.must‘bé present for.the
photogeneration of the mobile carrier species'toboécuk.

The chargé separatibh process produces an extra dipoTe moment
which Wou]d»Causé chénges in both fhe polarizabiiity and in the di- .
electric constant of the samble. The polarizability changes have been
observed previously in R. spheroides chromatophore films, by Arnold and
Clayton in 1960. The fact that the reaction centerless mutant showed
no photoinducéd changes in dielectric constant as were observed in
the G.A. mutant leads to the conclusion that the observed effects of
illumination on the dielectric constant are indeed produced by the"'
charge separation process at the reaction center structureé.

| The available evidence does not permit an identification of the
slow positive component of the Hall effect photosignal. The time at

which the signal maximizes is close to the decay half-time.of' the siow
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decay component of the EPR signals, and is also fn the kinetic range of |

éevera]-]ight induced absorbante changes.

It has'been éuggested fn the'pést (Dé Vau]t,V1966) that some sort
of semicdnductivity méchanism'could'accouht for the temperat@re depen-
dence of thé cytdchrbme oxidaﬁjon‘fﬁ Chromatium. ATthoth highly
speCuiative,vthe possibi1f%& thatvthe e]éctron trahsfer reéétiohs

between the reactioh_éenter Comp]exes and the primany»and secondéry
ve]ectron doﬁors and acceptors contribute to the photoconductivity should
be further investigated. Measurementé on mutant organisms defficient in
some of the cbmponents of the redox chain might provide the necessary
evidence to confirm or to rule out such a.possibiiify.

The mechanism for the observed charge migration cannot be under-
stood in terms of a band model. The small values for the photomobilities
and the temperat&revdependence of the photoconductivity ére similar to
some organic'semicondu¢toks: for those materials other mechanisms for
the transport have beehjéuggested. These are the hopping and tunneling
models, appred to conduction in organic dyes (Ne]sbn, 1965) and pro-
teins (Eley, 1961). | | a

Some of the arguments introduced by Nelson in his localized model
for the charge spTitting and migration process in bhotoSynthesis predict
effects similar to thése obsefved in this work.

In essehCe Nelson suggests'thét the.tharge generation and.transport
in.dye systems do not require the coopérativé.effects Which appear in

the bahd mode]s, and supposes the molecules to maintain theif indivi-
- dual character when aggregatsd (or even in crystais). Such an assump- -

tion is supported by the facf that experiments in dyes adsorbed on a
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variety'of substrates had almost no effect in.the'ionizatfon potentials;
the mo]ecu]es see the env1ronment as a c]ass1ca1 d1e1ectr1c med1um
The charge carrier separat1on takes p1ace between two adJacent mole-
cu]es. The carriers are able to diffuse, poss1b1y by tunne11ng, and
are‘always essent1a11y iocalized on a mo]ecule at any instant. The
charge.migration 1n_such_a mooel would resemb1e a'process of transport
onder mU]tip]e trapping. Calculation of the-migration transfer rates
for such a model gives values as h1gh as 1013 ec ]Q The calculated
: mob1]1t1es are of the order of 1 cm /volt sec, wh1ch are very close to
those observed experimentally in this work_for most samp1es. Such
transfer is rather “chemicaIE in nature,,as Ne]son,himse]f recognizes.
(1967)' He also states that such charge transfer'may take place easily
between un11ke mo]ecu]es thus a]]ow1ng the poss1b1]1ty of a s1m11ar
kind of charge transfer between “the primary donors and acceptors
Since the time that Nelson first offered these suggestions (1963) it
has'been'proposed that the MOstv1ike]y explanation for the charge
migration between some COmponents of the redox chain is_indeed a'tun-
neling processv(Chance, 1967). In Nelson's view the charge pairs
located on adjacent molecules are equivalent to oxidized and reduced
- hstates which would behave as a cation or anion radica],.respectiVely

Nelson also offers an alternative mechanism to account for the
observed photomob111t1es by considering, instead of tunne111ng, a
hopplng type process of charge m1grat1on The quest1on of how faste
_such hopping may take place requ1res some consideration. Starting
.~ from Einstein's diffusion formula, p = De/kT, where the d1ffus1on :
constant is D ¥ a*/r, a is the distance between hopping sites, and 1

is the average time between hoppings; gives for our u = 0.1 cmz/vo]t-sec
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and 10 ﬂ.spacing at room temperature

. ea” _ 1.6 x 10717 Coulomb L]O ] ? ,
- kTp =23 joule 10-1 cm
_ 1 38 x 107 degree x.300 degree X VoTt sec
T sv:4 X 10']3_sec,

a very short t1me 1ndeed If the v1brat1on ‘time is shorter than Th’

namelyvrh‘ : R 1t 1s reasonab]e to app]y a 1oca]1zed model for the

Tyib®
~ charge migration, while in the case-rh Tyib we are 1n the doma1n of
a typical band'mode1J"Since both'transport:processes, tunnel]1ng and '
hopping, may result 1n a temperature dependent mob111ty, no distinction
is poss1b1e from the ava11ab1e exper1menta1 data.

Prev1ous unsuccessfu] efforts to detect photocarriers in green
plant material by McCree (1965) can be.understood.py considering his
experimental conditions. -MCCree.emp]oyed light modulation and 1ock-in
detection at frequencies of 80 Hz and higher'v The photoconduct1v1ty |
vs1gnals that I observed 1n green p]ant mater1a1 showed decay half-times
1onger than the inverse frequency of McCree S modu]at1on wh1ch would
result in a large attenuat1on of the signal. The values that I computed
for the quantum yield for charge carrier generation are‘orders of magni-
tude larger than those of McCree but are smaller than the values of
one spin per photon,»found by Bo]ton gt;al,'(1969) for the EPR signals
from‘bacterial reaction center preparations. | v | |

The rather Tow va]ue}of_one charge per 100 to 1000 photons that T
found.in both systems may be understood by'considering that on1y that
fraction of'carriers which'arerdetrapped at.a'given.time contribute'to
vthe COnductivity. :E91dence that such trapping processes take place in

- the materials is provided by the effects of background illumination.
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The p0551b1e meaning of the observed trapping in terms of chemical
spec1es in the biological structures requires some comment

Primary eiectron donors and acceptors,-as we]} as any oflthe |
‘members of.the electronbtransportvchain'that are.bOund to‘the membrane
structures in a “soTid state" matrix, may be’regarded as Charge traps
Such. a system would give a trap distribution with the primary acceptor
acting as a sha]]ow trap. Effects such as thermo]uminescence would
resu]t from the therma] dep]etion-of these traps. The activation energy
for the process‘of emission of . ]uminescence is around 0.4 eV (Laime et al.
1972), very ‘close to the va]ues that I observed for the photoconductiv1ty
The temperature dependence of the photoconduct1v1ty wou]d be determined .
to a 1arge extent by the trap depth because- the concentration of ‘robile
photocarriers results from a thermal equilibrium between the trapped
states and the conduction state. The energy of activation for the.
process shou]d prov1de the va]ue for the trap depth. |

 Activation energies reported by Arno]d (]968) for the thermo]umi-

nescence of ch]orop]ast samples are in the range of those observed here
for the photoconduct1v1ty. Since the effects may be 1nterpreted as
arising from the depietion-of the same trap, further efforts to ciarify
this point are worthy. | vv _ | |

To conclude this discussion,'l would Tike to point out an obser-.
vation regarding the kinetic ana]vsis of'the sign inversion observed.
“in both the bacteria and ch]oroplast samples. |

- If we assume. that the negative_charge}carrier‘rotation transient -

is the parent ot thevaSitive’cafrier species,-the‘following reaction

scheme follows:
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where A represents the negat1ve carr1er, B the pos1t1ve and C is the

trapped spec1es

In ‘the fo]]ow1ng equat1on the concentrat1on of component B is g1ven
by 8 = [B], | |

S kot g A Tk, -‘k -k )t |
] - e 2 £ ?1 ket
: 2 "1

The time at wh1ch [B] reaches its maximum value, tmax’ is given by: .

L e Sk
_ 2,303 . 4 X2
tm_ax - EZ'El 109,E]_

where [A ] is the 1n1t1a1 concentrat1on of A.

Because of their oppos1te signs, the B component subtracts from the
A component and 1eads.to an'apparently faster decay of the first com-
ponent:than is actUale the case. A very good fit of the pos1t1on of

', is obtained for va1ues

the t1me at wh1ch B reaches 1ts max1mum, tmax

of ky = 2 k

1

2 * 200 sec™! in bacteria and-k]_= 30 k2'= 33 sec'j in chloro-
plasts. | - | | | | |

'Nishimore'(]968),’épp1ying laser pu]se excitation for the measure-

ments of cytochrome oxidation in Porphyridium cruentum cells, found an

absOrbance transient at 430 nm that resembles to a great extent the sign
inversion kinetics in bécteria] chromatophores NiShimura interprets :
the observed effect as the ox1dat1on of a type f. cytochrome in about 14
m1croseconds fo]]owed by 1ts slower reduct1on in a per1od of about 10
,m1111seconds by a b- type cytochrome The s1m11ar1ty of the light
induced absorbance change k1net1cs w1th that of the Ha11 effect suggests
the poss1b1]1ty_that\such cytochrome'react1ons represent the trapping

processes mentioned above.
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In conc]us1on, this work prov1des a pos1t1ve answer to the quest1on-
concern1ng the photoproduct1on of -mobile charge carr1ers of both s1gns
in photosynthet1c,structures« The carrier mob111t1es observed at
microwave frequencies are not compat1b1e with those predicted for a
model based on conduction bahds in semiconductors as were employed in
ear]1er mode]s of the funct1on1ng of the photosynthet1c apparatus
Rather, they are cons1stent with hopp1ng or. tunne]1ng processes The
charge carriers are not observed in materials lacking the reaction
centers. | Thos, it appears probable that the charge splitting occurs
.e1ther in the react1on centers or in structures c]ose1y assoc1ated
with them

Future work_jn'which this;microhave technique is applied to simul-
.taneous measUrements of'possib1y related parameters including EPRr
delayed 1um1nescence and light induced absorbance changes m1ght contri-
bute to a better understand1ng of the ro]e of the observed charge carr1ers

in the photosynthet1c process.
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APPENDIX I

.CALCULATION OF THE FILLING FACTOR

The calculation of the filling factor,h, for a sample in'thé‘form of a

piece of cylinder located ét the antinode'bf the electric field in a TEO]1

cylindrical cavity follows. -

The following diagram shows the geometry under consideration:

- Sample

The fields in a To1y cyqindrical cavity are given by:
_ M _ ] 2172

'Hr# HO Jé(kcr) cos(wz/dj[ﬁ+(kca)01.d/na

' ' : 7-]/2
= B Jo(kr) sin(r2/d) [1+(ra/ Lk 2Ty )

E%= [/ 2 Mo 95 (kr) sin(nz/d)
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. The e1éctric-fie]d has,componéntsfonly in thé i cdqrdinate and the H
components are only given for comp]etehesg; Form the définifion of the filling.
~ factor; |

2 2
mo_ ”//samp1e E™ dv. ( E'>samp]e' X v/V
2

v (Dcavity
//cavity C o

where E is the vaTue'of‘the‘microwave”eleétric’fie1d,<fE%>samp1e , is the
average'va1Ue Of'fhe'quaré:of the field in the sampTe and'(E2> cavity is

the same quéntity in the cavity;

{eDsample _ .1 /;amp'le He dv

v

(EBcavity _ 1 /cayity He v

| J (k r) is the-qy]indrical Bessel'function of zero order and J' (k r)

jts der1vat1ve The root (k a)O]. = 3. 832 and the maximum va]ue for J' (k r)
is 9] (kcr)max- 0. 5819, and J (k a)- 0.4028; J (0) é
Therefore:

d
E2 cav1ty = H / ma d u/j/;¢j/r J'2 (k r) rdr/ sin nz/d)dz
0

The Jahnke and Emde tab]es g1ve

r _ _ A , o
4: Jn (kcr):r dr =ur /2 [ Jn_(kcr)- Jn_](kcr). Jn+1(k r) ]

(ker)

| an‘d (k r) = (n/k r) J (k r) Jnﬂ

(k'c‘r"), .

'\2n/kcr Jn(kcr)='Jn_1(kCT)»+ It
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Thererorc fo. J' :
/Gi _
-/ (L r) rdr

/0

1

k)2 [ Jg,(kcr)-(z/kcr)ao(kcr)f 3k r) + Jf (k) ]

for the bdundary conditions; E(a) = 0 Jé (kca)= 0 and Jf](kca) = (0
because Jé(kcr)r'~dl(k r)ﬁ ](k ). .

Hence:
' r

. . IVZ. . R V . . —. 2 » 2 ’ ‘.
)é 90 (kcr) r dr = rv/2 Jo (Lcr)
and for r=a: r

/ a . : : _ '
/ 32 (kr) v dr = a%/2 92 (k a) = a%/2 x (0.4028)°
IO 0 C. 0] C .

21! fdrp s 2 .o . .-
Since}/; = 2n anqjo (sin nz/d)-aLlw d/?., then:

/:?_. ;- 2 .2' . ‘ 2 .
<EDcavity = = Welig /ra®d)(d/2) (2 ma /2)_0-16
- _.2\‘ - - .,2

CES ovity = - We 0.16/2 x g

The value Tor < EZ , assuming that the sample is entirely located

/s mple
at r-d/Z and at J’ (F r)m « = 0.5819, is
( ' {\ - ‘.~ / Ia e 2 [ .._- 2 g C L
4 sample = -u/e H ( 0758:9) Jéamp]éSIH 72/d) dz

'A<fE2}samb1e = %u/n'Hg (0. 5819) [1/72(x z/d)}g - ]/4sin2uz/d;8

For a sample size suci that n= d/10, the value for sinz’nz/d does not
change appreciably. Tn suvch casc for z= d/2 + d/10 and sinzf/Z = 1 the filling

factor, n, is given by:
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u/e H x 0.58

n = <EZ)sample/v<E2)‘.cav1'ty (v/V) o ()
| | - u/e HE X 0.16/2
L . ns ,(0,58)2/0.08 (v/V) = 4.2 v/V

_ oo ~ Since the sample has the shape of a thin dféc, for which an exact
calculation is cbmp]icated, this filling factor does not apply exactly to the
eXperimenta] situation,_Measureménts performed in thé bimodal cavity on the

| same samp]e;'in order to test the vaiue‘experimentalTy, gave for our geometry}

| n= 3 0.5 v/

‘.Since the bimodal cavity geohetry is ideal fok § flat cylindrical samp]e
and the fi]]iﬁg factor ha$_been confirmed exberfmenfa]]y (Von Aulock and
Rowen,1957), I feé].that the value giQen above 1s;aCceptab1e with an

'uncertahty of t 20%. It is more than sufficientatcuracy for my heasurement§

"since no argumehfs in terms of absolute va]ueé'of the conductivities have

been made.



=158~

APPENDIX II

ELECTRIC FIELD EFFECTS

AnvéTectric field app]ied'simultaneous1y with the microwave field
might contribute'to a beiter uhderstandfng of the mechaniéms involved
in the Tosses.: | o |

Carr (1963-1965) has studfed;extensiveithhe effect of electric
fields on the dielectric propertie$ of Tiquid crysté1s at microwave
frequencies. Some helpful conclusions concerning the relevance of
the dipolar losses may be obtained from such measurements. An external
D.C. or low freduency.A;C. fie]d,'much 1argék than the;micr0wave field,
a]igns.the dipo]és,'thus removing them from the action of the micro-
waves. The fields'neededvfor such effects are rather small, e.qg.,
several hundred vo]ts'pefAcm. »

| It’has:éTSo been shown that constant fields have én‘effect upon
the charge carriér cohductivity. Abtypica1 band;modé1 accounts
reasondb]y for the effect observed.in germanium (Nag. and Das, 1963).
The effects on charge carrier loss were of the order of a few percent
for fields of 2 to 4 Kvolts/cm. An accompanying.change in the di-
e1ectri¢ constant induced by the electric ffe]d'was also accounted
_fof by the band mode1. |

The effect of an electric field on the photoinduced microwave loss
and luminescence properties of a Zn0 semiconducting electrode is re-

‘ported in this thesis in Chapter III. It is shown there that extraction
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of‘surface photocarrfers byvthe'actiOn of the fie1d efffcient]y com-
petes wfth the microwave']oss.‘ _ ,
o wfth these'facts fn:mind‘I'decided'to apply'sfmultaneously a
static electric fie]d to the‘bib]ogica] samples in the microwave
»cavity,7t0-observe.itsveffects:(ff any)ioh the losses. |

Technica]]y it‘is not an easy experiment, because most cavity
cohfiourations'would.pennit the introduction.ofAe1ectrodes in the
cavities bdt not the ]fght A reentrant cyTindrica] cavity gives the
des1red geometry but the d1mens1ons 1nvo]ved led to the necessity of
sample m1croman1pu1at1on techn1ques and contacting . a sample is a
rather d1ff1cu]t procedure F1gure 44 shows the cav1ty wh1ch was
made from an old V=58 K]ystron by Var1an Assoc1ates (Palo Alto, Ca.).
The samp]e chosen for the experiment was a 1 mm by‘1/2 mm piece of
spinach leaf. Thealeaf provides.its oWh support:for the photosyn-
thetic apparatus andhanveiectric,field penetrates. the sample to some
extent, due to the high waterrcontent and the large donic concentrations.
There are many factors Which'could inva]idate the resu1ts.' Electro-
striction‘or changes in the volume due'to the electric field would
give some change in instrumental parameters such as filling factOr.
IOrientation of the water dipoles by the field might extract them
from the action of the microwave fie]d, thus decreaSing the micro:
wave losses. | o | :

It is the ]1ght 1nduced part that could g1ve an 1nterest1ng
answer, if it is affected preferent1a11y by the stat1c f1e]d Indeed,':
such an effect was observed |

F1gure 45 shows the response of the 1eaf samp]e to 11ght pulses

vlast1ng 50 msec. A decay time of about 100 msec was observed in this
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i =

Light

XBL723-4584
Figure 44. Electric field effect arrangement. A typical reentrant

cavity resonator made from a V-58 klystron (Varian Associates); the
broken lines indicate the grid that makes the cavity wall ét such
noints. Light was sent to the sample through the lower grid, whigh
was a]sd used as an electrode. The upper electrode was made of
copper. - Coupling to and from the cavity was provided in the klystron,

as well as the freguency tuning system (neither shown in the figure).
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Ii%l=uoﬂ : GREEN LEAF

!
L@ht'fj !

on off .
A b) Light minus Dark |
- 30V

20V
| | 1 1 1 Ll 1 1.
0 , - 100 200 o 300 400
’ L : TIME (msec) , '
XBLT23-4571

Figure 45. Effeqt of an electric field. (a) The photoconductivity:
signal from a pieée of spinach leaf to 50 msec light pu]ses_with‘a

100 msec electric ffe]d‘pulse applied at the points indicated by the
arrows. The effect ofbthé direcinn of the effect indicates a decrease
" in losses. 'Thfeevdifferent vaiues.of Vo]tage are shown. (b) The effect
of the electric field pu]sés under constant illumination minus the |
effect in the dark is shown for 20'and'30vvoit pulses. The éignals

were recorded in the ;ompﬁter averagér.and the subtraction.of an |

équa1 number of paSSes in the dark as in the light was performed

‘electronically.
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samp]e : The effect of an electric field pulse at three d1fferent
voltages 1s shown in F1gure 45(a ). The distance between electrodes
was 0.02 cm, g1v1ng 2.5 Kvolt/cm for the average value of the f1e1d | _ '
when a potentia] of 50 V was applied. The effect was a decrease in o *
the losses proport1ona1 to the field strength The onéet time was
dependent on the field values. The 1ower part of F1gure 45, (b),
shows the 1ight minus dark results. A constant illumination of.about
5 x 104 erg of red light was sent to the samp]e us1ng a red cut f11ter
Corn1ng g]ass #3-63. Infrared radiation was f11tered with a 4 em ‘
~ water filter and a 1-58 Corning glass filter. The Signa] resulting
fron avereging 50 pnlses df e]ectric fie]d with ]ight4off.was sub-
tracted electronically from the same number of pulses with constant
light-on. ReSu]tS for 20 and 30 V are also shown. The f1e1d depen-
dence of the rise time is also evident in this exper1ment The
equivalent exper1ment ‘but for 11ght minus- 11ght or dark ~-minus-dark ,
yﬂe]ds a null average as expected | | |
‘The effect w1th 11ght on is est1mated to be about 5 times ]arger
than that with 11ght-off. Since no measurements were made in a com-
pletely dark adapted samp]e I cannot conc1ude whethen the obsenved
dark effect is some residuum of the prev1ous action of the light or
Just the act1on of the field upon the permanent dipoles that contr1-'
bute to the dark lTosses.
~ An electric field of a few.Kvo1t per c¢cm has been shown to induce
.]ight emission from chloroplast and Chlorella suepensions (Arnold,
- 19705 El]enscn, 1971). Comparison of such effects with the results

~ shown in Figure 45 suggests that the decrease in loss might be
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aésotiatéd w1th‘the radiative recombination_of some mobile charge
-carrier speciés. |

The experiment described here is a very modest attempt tq give
a yes or no answer to the question of whether the electric field
would have an effect on the photoinduced losses. It is very clear
to me that much work has to be done in order to understand the
effect. I introduced it in this work fdr two reasons. First it is
consistent with other évidence that the photoinduced loss is the
result of a mobile charge carrier; and second, 1f suggests some
relation With the luminescence processes, and i feel that it mightﬁv

incite some constructive argument.
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