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ABSTRACT
June 16, 1958

The electronic properties of eggrestes of highly conjugated organic
molecules snd the possible relationsbips between the pbenomere sssocisted with
‘c;hese properties and the role of chilorophyll in the primary Guantum conversion
process of photosynthesis are briefly discussed. Experimental evidence is
grﬁaeﬁteﬁ which suggeets that ehleorophyll is functioning as & semiconductor
in vivm It is shown that sueh & function is compatible with both theory

and experiment.

Presented at symposium at Brogkhaven Netionel Leboretory on 'Photeothemicel.
bApperatus: Its Structure and Function,' June 17-18, 1958. To be published in
the proceedings of that symposiumi.

# The work described in thie paper was sponsored by the U.S. Atomic Erergy
Commidsion.
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Electron migroscope studies of chloroplast msterial heve revesled the
existence OFf a remarksly complex lamellsr structure which presumedbly consti-
tues  the photosynthetic appsratus. It has therefore seemed ressonsble to
assume thet the primary pigment involved in photosynthesis, chlorophyll s, is
also present insome more or less oxdered arrangement within the chloroplast.
Buch o ooncept is supported by other, more indirect, types of evidence (e.g.
spectyrn end polarizetion of fluorescence). From this point of view it becoumes
~ of importance to inquire into the electronic properties of aggregated dye mole-
cules in the hope that a greater un&eretan&ing of the role ¢f chlorophyll in

the primary quantum conversitn process may thereby be achisved.

Quentun mechenics tells us that when highly polarizeble molecules ere
brought into close pmximity, s Ine cmtal or & monolayer, their electmic
states will hé perturved to an extent which is ;anerae.ly broportional to the
cube of the intermolecular distence snd Girectly proportional to the square of
the transition moment integral for the ground state to excited state tramsition. (1)
These interactions lesd to & baund of stete energles fOr the aggregete whose
width 16 a function of the sbove maremeters. As a consequence o this band
structure, & qmtﬁm of energy absorbed by any one malecnle vill have a definite
prcbebilit—y of being found :m any other moleculeée of the sggregete, this pros
bsbility being & direct function of the strength of the interections. Thus,
the extent to which energy migration will occur in the eggregamte will be deter-
mined by the electronic band width, by the lifetime of the excited statée and
by the Uncertainty Principle. It ie evidently possible to observe a ﬁontinuﬂus
graﬁatien of transfer efficiencies, depending upon the individuel system under
considerdtion. One may consider this mobile excited state of the aggregate
(exciton) to consist of the e,xcimd' electron and 1ts associated positive hole

moving together throughout the arrsy. If, at some point in its path; thekxciton
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encounters a lettice imperfection (see below for qualifying remsiks), en ionige-
tion may take place, that is, the electron and hole may become froe to move
independently of one another. This confers upon the aggregate the property

of electrical conductivity (photoconductivity).

Although 1t is in yﬁineiyle .pﬁsgible t0 have an infinite spgetrum of
coupling strengths in dye aggregates, it bas become increassingly apm rent in
recent years that the interections giving rise to conduction bands and photo-
conductivity need xwt be very strong. (2) This is emply demonstrated by the
cese of tetrephenyl porphine. It hes been found (B) that although the long
wavelength sbsorpt ion bends of this compound ere essentislly unsffected by
solid-stete ;ntemetwns, ecaryiers can be exeitéd as efﬁc-i-enw.y by these trane-
itions ms by the Soret transitions which sre appreciebly changed in the solid.
Inagmach a8 tha iowe‘s;t singlet state excitoms will be esmentially immobile,
these results also suggest that the exeitation ‘energy may not need to be funmeled
t;é specisl lonmizetion eltes in the crystal lattice. It B thue evident thet
the shape of the absorption spectrum of en ordered array is not sn sdequete
eriterion of the présence or gbsence of photoconductive properties.

- It is spparent fxom the sbove considerations thet the phenomens of
eaer@' t_rmfér and photoconductivity are intrinsic px@;aetties of dye aggreghtes
end will occur %o & greater or lesser extent in all such systems. The problem
before us therefore is {0 assess, from both a theoreticel and an experimental
sad point of "viw , ¥hat role, if any, these proparties play in the primary
guantun conversion. |

In prineiple, the shape of the sbsorption spectrum of an ordered array
of malsms furnishes direct information as %o the .stmﬁgth of the interactions
involved end hence as t0 the extent of energy migrstion. Thus, on the basis
of s;pectroémie evidence, Jacobs et al. (4) have estimated that the number of

exeitation energy teansfers bebtween chlorophyll molecules ;;_xl vivo during the
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lifetime of the first excited singlet state is probebly of the order & several
handred. The assumption that one hes 16 make in order tO arrive at this Ligure
is thet the shepe of the red absorption bend (in particuley, ite broadness

. compared 0 the solution spectrun snd the insbility 0 resolve eny structure)

15 o consequence of weak intersctions lesding to & coupling of the electronic
excitation with molecular and lettice vibretieme, thus requiring that the ex-
eitation energy remain in each molecule for 2 minimm of 10-*% seconds. Ecwé
ever; it is known on theoretical grounds (1,5,6) that the shape of the ebsorp-
tion speetra of aggregetes will be extremely sensitive to the structurel arrange-

ment of ;the molecules. For example, the polymers of isocyanine heve a very

e,
o

payrow bend on the long Walk

‘plde of the monomer sbsdrption in spite of the.
broadnesy of the first exeited state of the aggregate. Thie is due to & selec-
tion rule imposed by the linearﬂy of the polymer which sllows transitions only
10 the lowest level of the exciteel state energy band. the other hend, for
hyﬁmcaths such as anthracene, wo abaorptions a@i‘m& in the ¢rystsl spec~
trum with mexims st either side of the monomer waximmmdue $0 transitions to the
top and bobtom of the exeited state energy bend., This is & consequence of 4
structursl arrvengement in which two moleculex @rmnfha*aimi exist within &
single plane of the crystel.

Although very litvtle is lmown sbout the mamner in which chlorophyll
molecules are ordented in vivo, it is probebly ressonsble to sssume that they
are in the form of & monolayer end ere quite liRely not perfectly ordersd. (4)
Both of ﬁheare wnditions would tend to dearease the intermoleculsr interactions.
On the other hend, the long wave absorptisn in chlorephyll 18 very intense and
this would lead ong to expect strong interections fOr any reasonsbly small
intermoleculsr separation. We mey thus consider two possibdilities. If the
structure of the chlorephyll aggregate is cuch as %o allow two transitions, .
the ingbllity to resolve the spectrum is probebly an indication of weak inter-

asctions and hence relatively limited energy migration, as proposed by Jacobs,
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f:.‘E al. {4) 1In this cage, the red shift in the spectrian would have to be mscribed
to 4®ther interactions, e.g. chlorophyll~protein assdciations. Alternatively, if
the red shift is & concequénce of only one allowed transition, then the width

of the excited state is of the order of several hundred wé-«e nunibers indicating
s hioderately strong interaction. 7The broadness of the band i‘ni this c‘asb’e , as
contrasted wvith the sharp polyisocysnine band, mey be the result of the presetice
ned ehiorephyll molecules which would lead o

of reglons of differently sl
slightly vfarying wavelength magime for the difi-’:erentl degrees of interaction
whith exist in the sggregate. Extensive etiergy migration mey then oecur within
é"ac'h region. Thus, One cannot comipletely rule out the posaidbility that the actuel
aumbei' of transfers in vivo ~m’:s;;y be significantly larger than several mundred.
snother point of interest is the role of ihe triplet state in vivo.
McRae and Kasha {6) have cansidered dye sggregetes from o theoreticsl point of
view snd -cenclude that the probebility of the populstion of the lowest triplet
gstate shoull be enhanced In these systems due to zn increased overlsp in
energy vetwéen the first excited singlet state ond the triplet state and, in
some cases, 0 & selection rule forbidding the trmnsition to the lowest level
of the ginglet menifold. Inasmuch ag triplet states will be essentially un-
affected by eggregation (becsuse of the extremely small transition moment inte-
grals involved) triplet é{:e‘be exciton migration should be & relatively in-
efficient process. ‘i‘hus, if the low yield of fludrescence in vive is s conse-
quénce of a highly probéblée cressing-over into the triplet éf:ete, any chémical
utilization of the excitatidn energy would preswnably have o take plece in
the fmmediate environment of the triplet state chlorophyll molecule involvéd.
This w:ould introdude a degree of rantomness intt the guantud conversion pro-
cess which is not altogether desirzeble. However, experimentsal results obtained
i1 our lsboratory (7,8) indicate thaet perhaps the triplet state is noet populated

at all in vivo 6r only to a very smell extent. - We have observed that the delayed
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light emission of green plant materials from one millilsecond after emeitation
o 30 sgﬁonds after excitation alwgys originates in the Pirst excited singlet
state of chlorophyll, even at temperatures as low ae —17000 vhere emission from
the triplet state should be greatly fecilitated.

If the triplet state of chlorophyll is not populated % eny grest extent
in vivo, & highly efficient process must exist which competés with the singlet-
to-triplet conversion. It I conceiveble that this process involves the ionize-
tien of ﬁhe exciton with the formation of charge cerrviers in conduction bands
wiich would then be free t0 migrate uwitil they were tre@ped by suiteble accéptors.
Suph‘a concept was first ﬁiq§oséd by Ketg in 19&9‘ (93v There existe @ame‘ex€
perimental evidence which tends to suygaft this poﬁi of view. Amold and Sher-
wood (10) have demnﬁtfated that dx?’ieﬁ f£iinis af ¢hloroplasts exhibit semiw
conduetivity end chermoluminescence: Light-induced electron spinm resonances
(ESR) have dbeen @ﬁServed'ih'wet ¢hloroplast material (11) se well ss 1ong-lived
luminescences (12) which‘are'eharacterisﬁic of semiconductors. In.alr own léhora~
toxy we have béen‘stu&ying both the light-induced KSR (15) end the delayed ‘
emission (3,8,14) of plant materials. Some 6f the results of these studies
vhich beér‘Oﬁ %he present discussion are reproduced 1n»?iggrgs 1,2 end 3. In
Flgure 1 we see that the productioim of unpaired syinaazégzgg:rable rates ét
both 25@(‘2 and at -'-3.5006. The smallersignal at the lower tempamtm suggests
thaet more than one type of radical is preﬁneed 8t room terperature. This is
confirmed by results st intermsdiate temperatures (not shovn) where s complex
grovth curve is obtained, clearly demonstrating two separate redical-producing
procesges, The fact thet the signal exhidits little or no decay at ~1§0°G
demonstrates that the unpaired spine arxe trapped at these temperatures. In
Figure 2 are shown thg luninescence decay curves for eﬁinach chlordplasts at
Toon temperatume’at a168°?¢ The predominant effect of cooling is to cause the

disappesrance of the siow components of the Gecay. The curves for the intex-
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mediete temperatures (not shown) demonstrate e very complex tempereture.

dependence (see, for exs

mple, Figure 3). At no tempersture cen the decay curves
" be represented by & simple kinetic expression. These resiilts indicate 2 mechenism
consisting of m@re than ong rate-limiting step.

| If the phentmenn Of electron spin resomance end delsyed light emiseion
in plast materiel are indeed relsbed to the early etales of photesynthesis, (mié
would expect to find e high quentus yeld for the former proesss and s much lover |
yisld for the latter. Although it hes not been possible to obtain en accurate
quantum yield for the ESR aigmlé, erude meesurements indicete a value not
less then 0.1 snd probably higher. On the other hend, fairly scourste
pesgurements of the 1meacenee quantun yield givwe values of the order of
10-° for Ghl@wll& ‘énd Scencdesmus end 1@"7 for spinsch chlorgpleste. Thus the

results are in sccord with expectatiomns. Tie lower yield for the ahlereglast

weterials in mailey & reflection of & smaller prope

don of slovly decaying
1ight in thie meterisl as compared vith the algae fhis 48 probebly & conse-
quenice of the pertisl remdoval of engymes md supller molecules in the prepera-
tion procedurs. Bimilerly, if one disrupts algee by ultrusonication ¢r subjects
them to lyophilization, the luminescemce of the meterisl obteinmed in this way
resenbles thet obtained st -3-7%% from vhole cells in thet £ cousists only of
repidly decaying light emission. |

B The presence ¢f both & substsntial luminescence decay sud & swbstentisl
build-up of unpaired spins &t temperatures spproaching thet of liguidnitrogen
strongly suggests that the stages of the primeyy

quanitum conversion process
Umediately folloving exciton production do not involve the migretion of
atomic muclel snd thus ey purely physicsl in nature. This is, of course, guite
compatible with the semiconductor theory. In thesg terms, the unpaired spins
formed £t the low teperstures would be associated with electrons and holes

trepped at suitable points in the chlorophyll lattice. The luminescence decay
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Bt this temperature would be a reflection of & charge ¢arrier lifetime prioy
to recorbination and, if the decay eurve can be decomposed into two components,
perhaps the ﬂepo'm&mim of & shellow trepping level as well. At tenpe e
ture, the trepped carriers can be enzymatically converted into radicels end
eveh~electron molecules and the reversibility of these processes glves rise
to the slow highly bvemperature~dependent components of the decay curves.

| It is cpparent thel a8 yet there hus been no unsguivecal demoustration
of the presence of charge carriers in vivo. It will be necessary to preve thst
such carriere are indeed produced with & high gquantunm yleld before the samie
conductor mechenisn may be said t0 be on 8 secure footing. Howsver, ¢ uch
messurenents are extremely difficult t0 carry out and thus for the present
ve am forced to be contént with indirect experiments of the type outlined
sbéve. It 18 certainly si@ific;mt in this regard, slthough by no means cone
clusive, that Nelson (2) hes shobm that films of chlorgphyll are photodonductive
znd that they are sble o sensitize photoconductivity in inorgenic ploephors.
In addition, the experiments dicsussed in this symposium by Dr. Arnold (15)
have certainly strengthened the experinentel basis upon which the saniconductor
hypothesis rests as well es pointed the way towarde & possible understending
of the function of carotenvids. |

In conclusion; we niny s&y that if chlorophyll is indeed present in an

sggreguted state i vivo, both from & theoretical point of viev snd in terms
of ‘the e xperimental results which heve been Obteined to date, the semiconductor
hwmh’eam cen be seid to be & reasansble in%mretatim o the primary quentum
eonversion process of photosynthesis. At the very leest, it provides an &x-

cellent working hypothesis wpon which to base Further experimentetion.
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Figiaxe 1. Growth end decmy curves for light-induced electron spin rescnance

. e . 0
signals in whele spinech chloroplests at 25 ¢ and -1250 C.

Figure 2. Decay eurves for luminescence 0f whole spinach chlorgplasts at

21% sna -168%.

Figuie 3. Integrated intensity of luminescence of whole spinach chloro-
plests from 0.0015<5.0 seconds sfter excitation as a funection of temperaiure.

= average lifetime of the luminescence.

BY

1





