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I. Introduction

The primary quentum conversion process in photosynthesizing systems,
wvhich involves the initial transformstion of elsctromegnetic energy into
chemical potantial, presents a challenging unsolved problem. The overall
process of photosynthesis car be represented by:

€0, + B0 —2i> (CH,0) + O,

nemynwwrmmummmmmnmau
oxygen from water must be derived ultimetely from the light quanta which
are sbacrbed by the plant. The thermodynamic requirements sre such that
the energy of % quante of red light 1s reguired to liberate 1 molecule of
oxygen in green plants. GQuantus requirements of sbout % to 3 have been

medl'a’m for this process indicating that the overall efficieney of

# The work deseribed in this paper was sponsored in part by the United States

 Atomic Emergy Commissica end in part by the Depertment of Chemistry,
University of Californis, Berkeley, Californis.



the photosynthetic system is very high. If an allowance 1ls aade for scme
degradstion of energy in enzymatic or chemical steps along the path of oxygean
evolution, then one must sscribe an efficiency of the order of 70% or so for
the initisl storage of the avsorbed light emergy in the form of chemical
potentiel. Efficiencies of this magnitude have not been achieved in solar
energy convertars manulsctured in the laboratory. The rste at vhich the

photosynthetic mechanism functions is quite rapid. Flashing light Wﬂ

indicate that a time of about .03 sec. is required between the iight absorpe
tion act and the ewvolution of molecular cxygen.

A sclid-state seamicomductor model for the photosysthetic apparstus hes
been proposed>’? in an effort to provide s mechanism for the primary quantum
conversion process which 1s in gcoord with g large variety of experimental
evideme.‘ This model involves the preduction of unpaired slectrens as inter-
mediste energy carriers between the absorption of lizht by chlorophyll er
an equivalent piguent and the formation of stable chemieal oxidizing and
reducing sgenta. A variety of unpaired electrons was postulated inelnding
mobils charge carriers, trupped electrons, and chemical free radieals.

In 1956, Componer, et. 9_;.,5 reparted the observation of photo-induced
unpaired electrons in plant material. In 1957, three papers sppemred in
%:8 axtanted the measurements
uammdmtmmmouw,wmat.mm,sm
a refinement of their previcus room temperature data. The method used in

the literature. Two, from this laborstory,

the above work for the cbservetion of the unpaired electrons 1s that of

electron spin resonance,

II. ZRleetron Spin Resonance
The technique of electron spin resenance uiilizes the fact that the
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alsctron possesses an angular momentum or Spin and a nagnetic dipole moment.
In most molecules, all of the slectrons are paired so that the resultant
‘angular momentum and megnetic moment are zero. When ane places a "free”
elactron or a molecule containing wpaired electrons in a magnetic field,
magnetic energy levels are established which sre designated by the parallel
or anti-parallel orientation of the spin with respect to the spplied field.
The spacing of the levels 1s proportional to the applied fleld and transitions
m-mmmmmmlmwm‘mmmweﬁmw
propar frequency. The observation of the absorption of ensrgy from the
ocscillating field by the unpaired elsctrons constitutes the rudiments of
electron spin resonance spectroacopy. Perturbations of the local field st
the electrons by neighboring magnetic species may influence the resonance
frequence and the width of the observed spin resonance sbsorption, and these
factors may be of help in identifying the source of the signal. For "free"
electrens in a lsbaratory fleld of 3300 gmuss, the spin rescnance frequency
is about 10 Kme which corresponds to a wavelangth of 3 cm.

III. Apparatus

A block diagrem of the spperatus used in these experiments is shown in
Fig. 1. The optical system consists of a 300 watt tungsten-filament projectiem
lamp with quertz lemses to collect and focus the light. A ¥odak synchroe-
rapld shutter 1s used to establish the illuminetion period. The energy
spectrun of the incident light is restricted to suitable wavelengths by a
2.5 cm. water filter in conjunction with Corning sherp-cut filters end
Yeieral Engineering band-pass filters. The wavelength range used for the
illumination of plant materisl eontaining chlorophbyil extends from 5800 to
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8000 A and & range of about TOOO to 12000 A was used for the material comtaining
bacteriochloronhyll.

The elactron spin resonance spectrometer oparates at a fregquency of sbout
9.6 Xue and utilizes magnetic field modulation at 200 cpe and lock-in detection
to present the first derivetive of the sbeorption. A balanced double-bolometer
bridge is used %0 balance out low-frequency nolae companents in the kiystron
output. Automatic frequency stabilizstion of the Xlystron on the frequency
of the rescnant sample cavity is achieved by frequency modulation of the
klystron at 10 ke and lockein detection. A cylindrical transmissien cevity
mmmm%nmxsm. A mmall hole in the cavity wall with »
dismeter of sbout 1L/% inch admits the light, and s sleeve acting as a weveguide-
beyond-cutoff prevents the leakage of wecisbh microvave enersy.

The ssmple mpy be placed in the cavity in two ways. A quartz dever Jacket
which is open at both ends 1s placed in the cavity. The saumple may then be
put into s small glase tube and suspanded in the dewar. The temperature of
this type of sample iz waried Ly blowing cold, dry nitrogen gas through the
devar. An alternative method consiste of painting a thisk agueous suspension
of the ammple on a 5/32 inch dismeter silver-plated copper rod and suspending
the rod in the dewar. Temperature veristion of this smmple is achieved by
immersing the end of the rod in a suiteble coolant and relying on the thermal
conductivity of the rod to csrry the heat from the sample. The second method
has the adventage of a high surface areas to volume ratic so thet most of the
ssmple is aveilable for light excitation even with optically dense materiala.

IV. Results
A sumary of the results is given in Table I. The wet, packed smples of
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algee vgsed in these experimenta were prepared by centrifugation from the
nutrient medium. The purple bacteria were filtered prior to centrifugstion
te remove inorgenic crystals which exhibited a large electron spin resonance
signal. Since the response time of the recorder used In these memsurements
1s 1 second, the time constents having this value must be considered to be
instrument limited.

Representative light and dark signels from Rhodospirillum rubrus are
shown in Flg. 2. The line width between points of meximam slope of the light.
induced signals is about 12 geuss and is independent of temperature down to
at lesst -170°C. Fig. 3 shows the steady stete signal height as & function
of relative light intensity after about & 5 mimute iliuminstion pericd. It
appears that the fwnetional relstionship between the mumber of unpaired
electrons snd the light intensity is dependest upon the temperature. A
superposition of rise and decay curves st four temperatures is shown in Pig. 4.

The signals from spinsch chloroplsets, Chimrells, Scensdesmus, Nostoe,
Avacystis, and Romeria exhibit a progressive lengthening of decsy times and
nmmmﬂ@qmuyumwummtm
25% to -170%. By contrast, as the purple besteris are coolsd, their
signals present a lengthening of decay times only to a teupersture of about
-5e°e: and a peek of elignal intensity at about -15%. Below -»500, a progres-
sively larger percentage of the decay is very fast (1 sec.) wmtil at a
tempersture of about -100°, all of the decay is 1 sec. or faster. When light
is allowed to shine comtimiocusly on the purple bacteria as the tempersture is
changed from +25° to -100°, the resulting dark signal is very large and has
2 long decay time of the order of howrs. The behavior of the low tempersture
signal in the green materisl does not depend upon 1llumination comditions as
the sample is cooled.
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V. Dilscuseion

The ghsence of resolvable hyperfine structure and the lack of = definitive
change in line shape 23 a function of temperature prevents us from making &
simple identiflcetion of the &ifferent spin cemters which maks up the resultant
signal obsarved. The appearsnce of multiple rise times at intermediate
temperatures indicates the formation of more than one kind of epin center
while the multiple decays differing hy orders of mognitude indicate a set
of parallel procasses leading to non-redieanls.

We have examined a mumber of chemical mixtures and relatively pure chemicals
under similar conditions to those described above for the structured plant
elements. These included purified chlorophyll & and mixtures of chlorophyll a
and chlorophyll b as well as mixtures of chlorophyll with carotene. In
addition, we have exanined mixtures from crude methanolic ewtracts of both the
green orgenisms, such as Chlorella, and the purple organisms, such as
Rhodospirillvm rubmm.

We have seen both dark siznsls and photo-induced sigznals at room tem-
perature but these signals (both dark and photo-induced) wers mariedly dependent
upon the presence of oxygen, both during the preparation of the sanmple and
during its measurement in the cavity. Oxyzen enhenced both the dark signal
and the photo-induced signal. Replacement of oxygen in the cavity by nitrogsn
reduced both the dark signal and the photo-induced sig;nal‘ In the extracts.
This is in contrast to the behavior of the structured elementz such as chloroe-
Plasts and whole bacteria whose signels were not sharply dependent wpon the
nature of the ambilent gas in the cavity.

Ancther major point ef difference between the two types of material wes
their sensitivity to temperature. The chemicals and extracts failed to produce
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significant photo-induced signals at low temperatures, wheress, as described
sbove, the structured elements not only produced them but produced thenm at

the rapid rates comparable tc those &t room tenperatures. In contrast, the
photo-induced spin signals in the chemicals and extracts, which wers obtainsble
only at the higher (room) temperatures, wers relstively siow, particularly in
decay.

8¢ill another feature vhich distinguishes between the two types of spin
signals is the line width which sppears spproximately twice a8 broad in the
structured materials as it iz in the chemicals and extracts (12/6 gauss#),

It would appesr that the nature of the spin signals induced in the
chemicals and extracta does indeed represent chemiecasl, or photochemieal,
transformetions {(that is, transformations involviag the displacement of
stomic nuclei), while the induction of at least some of the spin signsls
in the structured elements does not lnvolve sueh displacements but rwther
can be best Jescoribed in terms of electron and hole migration and trapping.

#* Callbrated with nitrosyldisulfonate.
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RISE AND DECAY TIMES FOR THE PHOTO-INDUCED

ESR SICNAL IN PHOTOSYNTHETIC MATERIAL

-10

Table 1

UCRL-8358

Temp.
Material {oc) Rise Times Decay Times
Spinach Chloroplasts 25 1 sec 1 sec (50%)
Chlorella 10 sec (S50%)
Scenedesmus -ko 1 sec (75%) 1 sec (33%)
10 sec (25%) 10 sec (33%)
5 min (33%)
-1k0 1 sec 10 sec (20%)
very long (80%)
Romaria, Nostoc 25 1 sec 1 sec
Anacystis -160 1 sec 10 sec (25%)
very long (75%)
Wet Chromatium 25 1 sec 2 sec {50%)
chromatophores 15 sec (50%)
~40 1 sec 5 sec
very long
-1k0 1 sec 1 sec
Rhodospirillum rubrum 25 1 sec 1 sec
Rhodopseudomones -15 1 sec 15 sec to mins
spheroides -55 1 sec (50%) 1 sec (33%)
Chromatium 7 sec (50%) 10 sec (33%)
1 min (33%)
-120 to 1 sec 1 sec
-170
mMuU-15488

Table I
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Filament mefiect
Suppl eflector
pply Supply AFC
Beam )[___l__j
Supply 2
3] 10 Ke Magnet
(3' Oscillator Supply "
H,0
Variable Variable ,/\-‘— Shutter Filter
Attenuator Attenuator — CG\."*Y q I q U@
3
130 K ® 2 o
U Ke —<— | Lenses Projection
Oscillator Lamp
Eolometer 1 Bolome\‘e\r‘ crystal
rysta
Bridge I 3
r I
200 cps
Amlifier |—{ Lock-in —>| Recorder| | ogciiator| | AmPlifier
K 1 T
MU-15489
Fig. 1.

Block diagram of esr spectrometer and optical
system.
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RHODOSPIRILLUM RUBRUM

MWMMWW'\MW

T=25°C
Dark Signal

Center of DPPH Resonance

— gqgss k= T=25°C

Light Signal (6 min. illumination)
MU-i5487

Fig. 2a. Light and dark signals from Rhodospirillum
Rubrum at 25°C.
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RHODOSPIRILLUM RUBRUM

MWWW

T=-170°C
Dark Signal
(Taken to =170°C in dark)

Center of DPPH Resonanc

v

T=-170°C
= 5 |« Light Signal
gauss .
(Taken to -170°C in dark)

MU-15486

Fig. 2b. Light and dark signals from Rhodospirillum
Rubrum at -170°C.
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e T= 2% ¢
QO T=-180°C

SIGNAL HEIGHT

RELATIVE

1 l U U

20 40 60 80 100

RELATIVE LIGHT INTENSITY

MU-15490

Fig. 3. Signal height vs. light intensity for Rhodospirillum
Rubrum.
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le— 30—
SEC

-15°

-55°
+ 25°|"

-160° \ \,’ ,“

|
‘o"‘"w‘" y

ON OFF
LIGHT

MU-15138

Fig. 4. Rise and decay of ESR signals from
Rhodospirillum Rubrum.



