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ABETRACT

The concepts of solid-siate photophysics ave appiled to hiological mats
=gpecially particulate matter derived from green plante. Fhoto induced &l
spin rasonance signals have been cbsarved in isclated chiovoplasis and nthex
green plant materials; their growth iime is not affected by reducing the
temperature o -140°C, The luminescence of these materials has also heen
investigaied under a variety of conditions. The vesults of these siudies hav
shown 10 be consistent with 2 mechaaism involving the recombication of sle 3
and holes trapped in a guasi-crvstalline lattice. Some details of such a mechan
have been proposed that suggest the mode of entry of the light energy inio the
photesyothetic pathwav,
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The chemical pathway by which carborn ia transformed {rom its low-snergy
form, carbon dioxide, into its high-energy form, principaliy carbohydrats, I
been fairly completely mapped by use of tracer carbor, 2and cur present knc
of it is exhibited in Fig, 1. The photochemical apparatus tha: provides the ¢
force for running the carboan cyele from Co, toward poilysaccharide, desigra
[E} in Fig. 1, i3 contained in the chloroplagis of green planis and in the
chromatophores of the simpler orgacisms such as photosynthetic bacieria and
biue -green algae. The microstruciure of this apparatus has been investigaied
down te the level that may be reached with an slectron microscope, and such an
electron micrograph is shown in Fig. 2, The universal appearance of these
ordered structures in all photosynthetic equipment suggests that the primmary
guantum conversion occcurs in a quasi-crystailine phase. One mighi be justifie
therefore, in speaking of the primary quantum conversion ic photosyethesis as a
photophysical cperation rather than a photochemical one.

3 .

Katz” in 1949, and, independently, Bradley and Caivinz in 1955, suggested
that aggregaies of chlorophyll molecuies in the chloroplasts might give rige fo
conduction bands in which photoproduced electrons and heles could migrate., Such
a system wouid have the advantage of providing for a separation of the oxidiziag
and reducing entilies kaown to be necessary {or photosynthesis.

This concept has remained purely speculative until, quite recently, a
nurmber of researches have beern published which suggest that something of this
oature may indeed take place within chloropliasts. In 1956, Commoner and co-
workers publizshed svidence for the presence of a light-induced slectron-spin
resonance (ESR) in spinach chloroplasts due to the pholoproduction of unpaired
electrons. ® Again, in 1957, these workers have shown the presence of two kinds
of unpaired spinsg, one of which is transformed into the other. 4 In 1957, Arnold
and Sherwood studied dried chloroplast filme and found them to exhibit semi-
conductivity and thermoluminescance, 5 1n addition, sorne studies by Strehler
and co~workers have dernonsiraied the existence 2f tempe raturs -dependent, loag-
lived luminescences in algae and in chicroplasts, -9 Fipally, the photo-
conductivity of chlorophyil films has been observed.

Our own 2uxperiments in this area began in 1956 with the demonstration by
Sogo of a light-induced ESR signal in dried eucalyptus leaves. Inasmuch as
these resuits yere rather poorly reproducibie, it was decided to study isclated
chloroplasis . ! Furthermors, whea it became apparent that the spin-resonancs
signais decaved fairly rapidly when the light was turned oif, the possibility thai
at least part of the energy associated with these uapaired spins might appear 23 3
luminescence lad us to a study of the light-emission properties of the chloroplasts.

- o
The work described in this paper was sponsored by the U.3. Atomic Energy
Lommizgsion




TFY, o T e E . . s s o i
The chioroplasts are prepared by ¥
carzyving out 2 series of differsntial centrif
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wnal we shall call Viniack chisrspiasia™ and
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Some typical ESR curves for wet whole spinach chlovoplasiz are sh

Pig. 3. These curves ave zasentiaily derivailive plsis of microwave sower absc
in i:’%e sample vz magaskic {leld strength., Thase signals represent approxirma

0*° unpaired spins, The wave lengths of light effective in axciiing these sigpals
are betwesn 3500 B and 4500 2 and betwesn 6000 3 and 7000 £ |, indicatiog
absorption by chlorophyil. A rough gquanium-vield measursment indicates 2 value

a 2

lying between 0.1 and 1.

pound

Figure 4 shows some resuils of growin- and decay-time meesurements on the
sampies., In this casze, the curves represest power absorpticn ws

magnetic field strength. An analysis of the 25% decay curve {Fig. 5) produced

two decay times of 1 second and 10 seconds. The room-temperaiurs rise fizne
the light-producad sigasl is less than the 0./ -second response tivne of the devec!
apparatus. At -150CC esszentially the same rise time is sbserved, bui the decay
is on the srder of hours, This effect of covling is completely reversible. With d
chloroplasis at 25°C, the rise times ave sirailar bui the decay times are on the
order of hours. However, at 80°C the decay ime of the drisd material is on the
order of seccnds. These figures are summarized in Tabie I,

Some of the luminescence decay curves for wet whole spinach chioroplasis
are shown in Fig, 6. The apparatus is designed so that we are able to observe
continuously the light emiited fm?ni%he chioroplasts approximately 0.1 second
after excitation by a flash of light, An analysis of these curves and those for
intermediate temperatures demonsirates thai the room -lemperature emission con .
sists of ai least three components having different temperaturs depesandencies and
having half lives of 0.15, 2, and 15 seconds, respsciively. Approximately 6% of
the total integrated light intzasity up to abouni 7 seconds after the flash is due to ihe
0.15-second emission. When the chloroplasts are cocled, the slower componenia
diminish in intensity and vaniah at about -40°C. Af this temperaturs, the decay
curve is the same as that cbtained by subiractiag the slower components from
the room-termnpe rature curve. When the chloroplasis are cooled still further, iho
0.15-second component diminishes in intenaily, its decay consiant apparently ra-
maining approximately the same, and is gone at about -100°C. At about -906°C, a
fourth emission beging to grow in anigradualily increases in intensity down to
liquid nitrogen temperaturs. This emission has a half iife of about §.3 second,
These cooling ={fects are completely reversible., Both large and small spinach
chloroplast fragments behave similarzly,

The excitation and emission apesira of the luminescence were measured by
use of a Bausch and Lomb graiing monochzomator betwzen the flagh and the samris
and betwesn the sample and the detecior, 13 The curves arve shown in Fig. 7. The
action spactra for Chiorella® and for spinach chloreplasis are guite similar o
abaorpiion speclza of these materials., The action spectrurn for Mestoe, on b
other hand, shows a relatively low activity for chlorophvll and carcizacids

T ] £ Prg T g g 3 T s e 0 By e - ap ey
activity for phyoseyvanin, Thus, elecironic ¢ 2Alon eneryy ime

&
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in an eariier pu b ication it was tentatively suggested. on the basis oi
meaguremeants with filters on i:?r«i k films of material, tha! the luminsscance of
symach chioropiasts was the resali of a irviplei-sizie —lo—ground-siaie emission
of chisrophvyiil, 12 'This is aow aec:}gmz@c{ 2% having been due largely ¢o the s=if.

absorpiion disiorticn of the emissioa speciram.

G

Emiszgion speciza for thick films of spinach chloroghasis at thres
temperatures are also »leited in Fig, 7. Thic 1: films were used in order lo com.
pensate for the low inteansity of the hw-t@mp@ rature emissions {3ee above), 7
markedly different shape of these specira. inc mpa:wsan with the thin-film
specira, is due ‘o saif-absorption. Howsver, it is appareant thai the curves ag ait
thres temperaterss ars identical in shape, thus suggesting thai they are the e
of the same alecironic transition. This teraperaturs indepsndence of the specim
af emiesion indicates that the iriple! staie »i chlorophyil is not involved at all in
delayed light emission of spinach chioruplasis,

zw%

The luminescence of Nestoc is very ruch weaker thaa that of gither
Chlorella or spinach chlorspiasis, therefors neceassitating the use of thick films
of material. In view of this, it would be expacted that if the emission were due
solely to chicmphyi! the gpecivumn would be similar to those obtained with thick
films of chicropiastis. Howewver, it is not similar, This suggests thata

significant portion of ths emitled light originates in phvcocvaniniwhiah has a
fluorescencs pesk at about 660 mp) and is szif-absorbed in the thick layer.

Sirnilar experiments usging Corning glass filters in place of the mono-
chromator demonasirate that the lewﬂem% vature 0.3 -second emission of chilore.
plasts is excited only by wavs langths between 3500 R and 4500 8 {light betw
5000 2 and 7009 2 has ne effect), and tha: this emission consista of wave lens
betwzen 10,000 and 12,000 &,

Figure 3 shows the eifects of allowin g {rzshly prepared chloroplasis to
stand in the dark at 2392, Up to 8 hours, the luminescence graauaily increasen
in intensity, and reachss a maximum intensiiy 2.7 times that of freshly preparad
maierial, This jarger signal exhibiis the same decay cuzrve, wave-leagih
propartizse, and ‘emperzature behavior asg does the original ai gnam Allowing tha
chloroplasts to stand even longer decreases the é.u.mm@m: ence intensity and

causss changes in the decay curve., Aller about 72 hours the luminesceace has
dizappeared satirely, and the Cﬁa@?ﬂ@i&ﬁuﬁ 2:hibit thermoluminesceac ss similar
to that ab&arve; sy Arncld and Sherwood for guick-drisd chiorovlasts. °
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{aj} Both phewcm@na 2re axciied by the same dbands sof wave lenyths nod boeth oo
due o absorption by chlorophylii,

{) The 25T decay times for wet chloroplasts are of the same order of
magnitude {or both phenomena.

{e} At -1407C the ESR decay times are of the ovrder of hours and no
lumirescence could be detscted {a luminescence with a decay time of the order of
hours would be undetecizble with the apparatus used in the sf;ua_es reporied here).

[o: 2N M*’« @ ; 3 a “
{d}y At 257C the decay time of the E3SR for dried chloroplasts is of %’Zﬁ%

order of hours and under zimilar s:@ndli:mms the chloropiasic did not lum

{e} At 806°%C the TSR of the dried chlcropiasts had a decay iime of the
order of seconds. At this same temperature, we have obssrved a peak in the
thermoluminescence of the dried chloroplasis,

The above gimi?aziti e3 strongly sugges: that the 50005000 W& light emisals:
of chloroplasis iz at least in part the resuit of the decay of some of the unpaived
spins detected by ﬁm ELR experiments. Thal some ¢f the radicals decay by
nonluminescent processes is indicated by the fact that the T’ight emisaion at -33°C
is smaller than ai room temperature. A quanhzatwe comparison of the guanium
vields, action specira, and kinetic constant of these twop phenomena is now being
carried out. This should lead to 8 more definitive asassamaent of the relationshins
betwesn them,

There arz four possible mechanisms for the production of either ESR or
delayed light emission in systems of the iype we are concerned with here. These »r

{1} The productiorn of radicals by the direct photodisaociztion of a single
bond, involving migration of the fragments, fsllowed by their recombination in the
dark;

{2) the excitation and decay of a triplet siale;

{3) the reversible phote sitization o or snzymatic processes
z i ki

o the production of free rad

{4} productica of trapped slectrons in 2 guasi.ordered iattics.

neompaiible with the following considerations. No

Machanism {1) is i i
siable naturally occurring chemical bond can be dissociated by 6000--7000 -
Fariafzrwmggp desay tmes of the order of ma"s:gf seconds are vol in E:"Aé:a :ran =
axpecied for radical recombinations at relatively mg;d temperatures,
difficult to reconcile such a mechanism with the existence of thres 3@;@2’
of the sama wave length,
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pYocaases oceurring h -39 ag in Mechaniam (3}, fo e¢sseniially zero. Thu
unpaired spins thal are g}i’@dua:ﬁd at this temyperature cannoi be considared as
having arisen in this manner. On *he other hand, the ESE resulis at ~359C, thai
is, the appearance of 2 lZ2-3econd rise time, suggest that paxi of the radi sa? 3

formed at that é;sampe raturs and at room temperature are due o chemical trans-
formations., The larger spin signal at -40°C may be accounted for by assumption
a grsater temperature coefficiant for the decay of thess chemically produced radio.
than for their lormation.

Some insight into which of the decays are asscciated with the chemical
reactions and which with th'a purely physical mechanism may be gotten irom the
foliowing considerations. The presence of the §.15-8econd emission down to 28
low = temperaiurz as ~100°C rules out the participaltion of snzymatic processes
in either the forward or reverss transformations in this case, If, ‘é:h@ng only the
2-second emissicn represenis a chemical process, one weould expect that cacling
by praventing the reaction izading fo radical formation from taking place, would
resull in appearaace of a greater amount of energy in the form of the 0.5 -second
decay. In faci, the emission at -807L is less than it i3 at room temperaiure. S
a viewpoint is supvorted by the aging experimeanis mentioned aarlier, Thus, ifo
assumes that the aging process involves the inactivation of enzymes, then the
creation of centers {or radicais) for the Z-s2c0nd emission process by eazymatic
means should be reducsd. This reduction of competitive processes should then
lead to an incrzase in the intensity of the 0.15.sacond smission together with a
concomitant decre2ase in the inteasity of the Z-second emission. In fact, for
aging periods up o 8 hours, both emission intensities are increased by ?he same
amount.

We are thus left with Mechanism {4) =zs the most likeiy explanation for the
primary process of the pheanomena we are reporting here. We shall next see how
such a scheme fiis the data,

Figure 9 iz a schematic represematmn of the electronic energy bends
chloroplastz., Inasmuch as the band width ie proporiicnal to the square of s,he
transition probability for the transiticn fm:wr ground state to excited state,
the excited singlat state is much broader than the correap@nd&ng "mplet state,
Thus, there may be a good deal of overlap between the energy levels of these two
states, [t is pecessary o costulate such everlap in order io provide a re 'atiw&iy
temperature -indepsn ndeat pathway between he states to account for the inabilily ¢
obssrve triplet.siate emission, aven at 270%0,

Light is abasocrbed o produce the transition from the ground.-state band of a»
aggragate of chlorophyli molecules to the first excited singlat-state band. Single:-
state excitons may then nndarge one of thrae competing processes:

o
P T

11} Thew ipavy dacay o the ground siate via Juorescence smission { 7 ¥ 107
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{3} Thev may cynss over in a radiaticalesas i
times ag short as 10°°* sec,

If the tripiet-state conversion is important in chloroplastis
the conduction tands may sceur from thia siate, The 2lscirons and |
conduction band migrate sand uitimately are *:*”moped at suitable points ia the
Characteristic lifetimes of 0.01 toc 0.1 seacond have been obsarved in many IyDes
experiments on photosvathetic materials, Z,8,11,12 According o the prasent
hypethesis, this would reprazsent the time required for the populaiion of the irag
if ionizaticn occurs {rom the singlet state, this iime consiant may be identiiied -
the lifetime of one of the charge carriers in the conduction band. Such an hypotih
has some suppozt from the fact that, for gez’manium, the intringic minorily sarz
lifetime iz calculated to ve 0.75 see@nd Wom Experimeniaily, lifatimes on inurga
semiconductiors may range irom 1018 4ec0nd to several saconds, 19 Mo
corresponding measurements have besn made for organic ssemiconduciors. If,
the other hand, ionization occurs from the ¢riplet staie, the 0.01- o 0.1 -second
constant may represeni either the ionization time constant or a carrier lifetime.

. It is not possible, at preseant, io decide which of the iwo mechanisms, dirs -
ionization from the singlet state or jonization from the iriplet stale, is cperative o
chloroplasts. indeed, it may be that “both processes ocecur simultanecusly,

The number of traps in the chioroplaz: is probably very small, »erbaps of
order of one per several thousand chl @rophgﬂi molecnles, Thus, this scheme lo
directly to the idea of a "shotosyathetic uniz, 19 The electrons and holes that
trapped give ris= to a gpin-resonance signal. The iraps ave thermally depopuls:
and the resultan! electrons and holes in the conductior band recombine and a
temperaturz -dependent luminescence resulis. Such recombinalion may occcur
directly into the singlet state or into the singlet state via the triplet state, The 2.
and 15-second -lifetime emissions can be identified with the depopulation of traps
of different depthe. The 0.l5-second decay may represent aither the dep@pu"’atzna
of a shallow trap or the lifstime of one of the charge carriers in the conducticn band,
Further experimentation is in progress io delermine the nature of the 0.135-second
decay as well as the 0.01.second decay reported by Arthur and Strehler,

At low itemperature, the thermal energy is insufficient to excite the elacirons
and holes out of the t{raps, and enzymatic production and decay of radicals ne longs:
occurs. This resulis in the disappearance of the luminescence and the apueara'«'-
of a long-lived ESR Bigna The thermolurninescence referred o earlier may:
the result of a deepening of the trapping levels due to drying.

The alecirons and holes in the iraps may alsc be used up by enzymatic
processes. Any reversibility in these enzymatic processes would then lead to &

long -livad lumirescance which could be classified as a chemiluminescance. it is

likely that some of the longer-lived emissions reported by Strehler and co-workers '
ars of this aa.mr@, Emcii a@xhwpa also the 15.z2econd emisaicn reported here., If thesc
va frae raéiszalﬁg Bémi’ia“ decay times will sccur in

Pig-de)

gnzymatlic proca:
;h& smn ) sz:u

usi
,%,u

t;:%

:*,

"L;*r three times as much energ
ash <’~h@*’@@14m8 suggests that thmﬁvi
@mz,;m,s ars aalief inpativated, A similar increass in the number of light-induced

Ths fact $

-



i

23

<31

18
TR
he

n
and 1
th

s
kel

a3ts
i
)

a
i3

2 %
e o
S

BYAE

-

;
&

=,
A

£
4 &,

ol
-

ionas

N
2y

a4

s




fasd
™

id
Lt

Yo
&

s
%]

E. Baiz in Phoelos

syatem we ave ners discus

A=Y

D.F, Bradlew and M, Calvig,

o »

Lommoney, Heiss, and Townsend, Proc. Natl, Acad. Sci.
o, .
{1954,

Commoner, Heiss, Lippincoti, Norberg, Passoneau, and Townasand,

126, 47 11937,

s

~

W. Arncld and H. X, Sherwood, Proc, MNail., Acad, Sci. U.3.

B.L, Sirshler and W, Arncid, J, Gen, Physigl, 34, 80% {19251,

B.L. Strehler, Arch, Biechem. Bilophys. 34, 239 {1931,
W.E, Arthur and 3. L. Strehler, Arch., Ziochem, Biophys.
B. L. Sirehler and V,H. Lwach, Arch. Biochers, Biophys.

R.C. Nelson, J. Chem. FPhvs, 27, 8564 {1957).
ys. 27 i

Scgo, Pon, and Calvin, Proc. Natl., Acad, Sci. U,3. 43, 33

G, Tollin and M, Calvin, Proc. Matl, Acad, Sei. U. 8. 43,

Tollin, Fujimori, and Calvin , Actics and Emission Jpe
of Green Flant Materials, UCRL 8088, Dec, 1957; als:

W.T, Simpsca 2nd D. L. Pstersen, J. Chem, Phys. 26, 33
E. Rabinowitch, J. Phye, Chem., 61, 87D [1957),

=

A Rose in Atlantic City Conisrencs ca Fholuoe:
New Toxk, 1990), De Lii, =

foler £8 - kP oy dryy mmeead - ¥ o9 9 ; ;10 as
H, Gaffron axd E, Wakl, NMaturwiss, 24, 21, 143 i193¢8).

2, van Roosbrseck and W, Shockely, Phys, Rev, 94, 1558 {

2
3

B4h,

{11957,




-12.

UCRL -8220
hv{quantum)
, . chi*
AL 1 / H
[E]\
Ha0 /!
—~ /
02 [9] //
ADPP-=~! /
|
b0 ,
——~ATP {polysaccharides)

—

; "l/,'ca {triose,
T v
// 2 Cy (glyceric acid)

Ce ( B keto acid)

CARBON REDUCTION
\% CYCLE IN PHOTOSYNTHESIS

Cs (ribulose diphosphate)

“sosatp
/—~c,

Cy (ribulose)

QSe

Cg¢ (hexose)

transketolase

L 26

Cs
(xylulose)

MU-11122.B

Fig. 1. Proposed cycle for carbon reduction in photosynthesis,
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Fig. 2. Ultrastructure of chloroplasts.

UCRL -8220

76,000x



-14- UCRL-8220

—
10 GAUSS

T=-150°C

L —
IO GAUSS

LIGHT SIGNALS FROM WHOLE SPINACH CHLOROPLASTS
MU-14534

Fig. 3. Light signals from whole spinach chloroplasts.
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Fig. 4. Growth and decay curves of whole spinach chloroplasts

at T = 25°C.
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Analysis of growth and decay curves of whole spinach
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Fig. 6. Luminescence decay curves for wet whole spinach
chloroplasts at four temperatures. Log intensity is
plotted against time.
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Fig. 8., Effects of allowing freshly prepared wet whole spinach
chloroplasts to stand in the dark at 23°C.
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