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ENERGY t.UGRATION IN AGGREGATED PIGHEN'r SYSTEMS AND BIOLOGICAL ENERGY CONVERSION1 

Gordon Tollin2 

Lawrence Radiation Laboratory, University of California 
Berkeley, California 

ABSTRACT 

In view of the importance of energy migration phenomena in biological 

energy conversion systems, a qualitative review is presented of exciton 

transfer and charge carrier migration in aggregated organic pigments. 

The application of these phenomena to photosynthesis is discussed. 

1 The work described in this paper was sponsored in part by the 

United States Atomic Energy Commission. 

2 Present address: Department of Chemistry, University of Arizona, 

Tucson, Arizona. 
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t:rll.;RGY MIGMTIOif IN AGGREGATED PIOME~'"T SYS'l'El-3 AliD BIOLOOICAL ENERGY C01lVERSION1 

·2 
Gordon Tollin 

Lavrence Rad1ntlon Laboratory, UniverGity of California 
Berkcle;.:, California 

(1) Introduction 

A ch~.racteristlc feature of n}3ny olological energy conversio11 syotems 

it) the occurrence of highJ.y conJugated organic molecules functioning either 

as lieht absorbero ( chlorophy.lls, carotenoids etc.) or as co;nponer.ta of 

oxidation -rced.uction couples ( cytochromes). Morplwlogice..l studies reveal 

the p.resence of apparently h.t-ghly ordered lsme.l.lar st1·uctur€G consisting 

of pie.1aents t:J.lon,s w1 th protei.r' and lipid canuti tuenta. A. further property 

of these a;ystcms is the ability to transfer energy from oae cOJnpon.ent to 

&nothel·. For example, in photosynthesis it is known that electromagnetic 

energy can rni:;r5.te from. the so-cRlled accessory pigmeats (phycocyanins, 

phycoerythrins, carotcnoida etc.) to the chloro:ph;lla {1,21 3,4). Iu add-

ition, there is evidence for the existetlce o£ a fun.ctional photosyclthetic 

U·li t corwiztins of several hundred chloro)?h,Yll molecule a ( 5, 6) 'wlhich suggeste 

that energy ma:; migrate a:n.ong the cblorophy.lls themselves. In the res.-

pira.tory system, energy migration proce~ds by .the transfer of electrons 

from substrate through the cytochrome pigm!mts to molecular oxygen (7). 

THO types of energy mit'.!.To.tion are k.novn to occur in pure organ'lc 

molecular crystals. These a.re exciton tre.nefer, which involves the migration 

of electromaf~etic energy throughout the &&1regate, and charge carrier 

1nigration, which involves the motion of free electrons and/or free 

. positive holes. Thus 1 it has seemed natural to attempt to use these 

2 covies of Jns. subilli tted 
27 pages (including references and fit,'Ure pages) 
7 figurea 
no tables 
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pro~rties of the pure mo.terials e.s models tor the biol.ogical systems. It 

is or interest, therefore, to revicv so1ue or the theoretical aspects of 

enertt,• migration in aggregated pie;ctents and to present some of' the possible 

implications for biology, particularly for the photosynthetic system. 

(2) }!;nergy Migration by lt:x:eiton Transfer 

The principle experimental evidence for electromagnetic enere;y 

rnigration in organic molecular cr.tstals is provided b,y studiee of seno1 tized 

fluorescence, that is, fluorescence by molecules of one species excited by 

absorption in molecules of' a different species. For exa.m;ple 1 the presence 

of traces or naphthacene {tetracene) dissolved in crystalline anthracene 

leads to flUorescence emission. from both substances (a) • When the 

napbthacene concentration is approxiL'lfltely 0.1 per cent, the anthl.·a.cene 

fluorescence is almost COiitplet.ely replaced by the naphthacene emission. 

Similarly 1 traces of anthracene in cr-.{stalline naphthalene replace the 

ultraviolet fluorescence o:f' the naphthalene vith the blue-Violet anthracene 

emission (8). 

There are two :D"Aichanisxna which }1~ve been invoked to explain these 

energy migration phenolllena. One of these is the exciton theory which vae 

first developed by Frenkel (9) and Peierls (10) and later applied to 

ors;an1c molecular crystals by Davydov (11), Craig a.ad Hobbins {12) and 

Fox and Schnepp (13). Semiquantitative discusaioo.a of this theory he.ve 

been given by Franck a.."ld Teller (14) e.nd by Ka~he. (15). The other process 

is the reeonance transfer of energy betveen molecules separated by large 

distances. Th1.5 has been developed theoreticaily by Fl>rster (16) and by 

Dexter ( 17). Inasmuch as most or the recent interpretations of the 

- . 
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electronic properties of molecular crystals have been in tern-us of the 

exci totl theor:r, we vill confine the pree:;ent discussion to this theory. Atl 

excellent revie1J of the current state o:f' knowledge with respect to the 

tbeoreticai ~1d experirr~ntal nspec~s of or~1ic CTJGtal spectra has beeu 

gi'fea by McClure (13). 

The basic a.sstl.l!lption lnvol vcd in the exciton theor-.1 is that the 

interaction en~rro- betveen molecules in the crystal 1s small cornpa.red vi th · 

the intramolecular energies so that the electronic structure of the mole-

cules is essentinlly undisturbed by crystal formation. Such au assumption 

is consistent with the fact that the absorption SJ!.:actrs of :nost orga."lic 

crystals are not mur.!h different from the spectra observed in tlie gas 

:phase or in solution. This allows a wave function -1.'or the ground state 

of the crystal, J G- , to be •..rri tten to a first e.pproximat1on as a 

s ixq>le product of molecular wave 1"unctions, ¢~ 

;r. = ¢ ~ ¢ .. " . tb ~ --;;· ,../, 
::!.. c. , " 1 TtJ ~ ~ {l) 

If1 now, ve permit one of the molecules of the crystal or aggregate to be 

in an excitee~·electronic state, we may write an excited state wa\•e :function, 

§.'*" 1 in \~hich the ith lllOlecule is excited, a.s :follovs: 

' 
cl>, ¢._ ¢) .... ~,:.. .. t :: ~: 7T ¢" 

-l;:i 
(2) 

It is apparent that, if' all of tl1e l:'JOlecules in the crystal are identical, 

-;::~. all of the wave functions t' will ue energetically equivalent. There-
-' 

fore, if a mechanism exists by ~h1ch excitation energy may ·be exchanGed 

between ooleculeu 1 and j i~ the s.gt_~ee;ate, the wave functions for the 

excited state of the asgrcsate could be written as a suru, over all of the 

wolccuJ.ez, of the :runctioaa r.. This is equivalent to sa.;tin.g that a _, 
single excitation in nn aggregate of mclecull'H3 belongs to all of the cole-

cules in the a&.;rega.te. Such a mechanism for energy excha.nc:e is introduced 
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into the theory in the form of a perturbation caused by cllpole-dipole 

interaction between the transition dipole for .the electronic traoSit1on3 

and an induced dipole iil a neighboring molecule. The r.mgnitude of this 

1 
interaction vill be proportional to .,? 1 where r is the irttermolecul.ar 

separation, e.'ld to the square oi' the transition moment integral for the 

ground state to excited state traasition {1<3,1)). Thus, the wave function 
~ 

i'o:: the excited state o:r the aer:;rce:;s.te, ~ 1 .:nay be <rrittcn aa: 
N 

~ te: ~ I~ . ( ( 3) 
(. ::- I 

and excitation energy ·may be said to migrate throughout the aggregate. 

If one calculatca an exci t.e.tion energy for the crystal, usi!lg 

equations (l) and (3) 1 one obtai~s (11): 

AE = LJt'M + 'D +- f {4) 

. where &:m 1s th~ energy of excitation for au isolated molC!cule, 

D represents a shift in transition energy due to the energy of interaction 

of the charge distribution ol" an exc~ited rr.cOlecule with its grou."'ld state 

neighl;>or e..nd to the binding energy of the crystal in its ground state 

(heat of sublirr.ation) and £ arises frora the exchange of ener(!Y amoug 

the rolecules in t.he aggregate. From the :i'orm of the E term (11), one 

ca:'l conclude that to each discrete allowed electron energy level in the 

isolated .molecule, there corresponds in the crystal a band of densely 

distributed allowed electron enereie~. ,That is, the excited states of 

the isolated 1noleculcs are split into a band of energies in the crystal. 

The number of energy levels in the baud is equal to the number of molecules 

ia the a.go-egate end the width or the baud is determin.ed by the magnitude of 
the interr<·tions between excited str.te ec_.d ground state. This band of 

energy levels iB called th~; excitoa i.Jand and 1?he excba.n!.)C of excitation 

enert."Y between n10lecules is desic;nated as exciton xrJ.grati011. It ia worth 

-. 
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noting that, in molecular crystals, the ground states are not split, 

althoU&}l they will, in general, be slightly lowered in energy :with respect 

to the isolated molecule due to van der Waals i~tcraction. 

The relationship between the energy levels ia the izo.lated !4-ole-

cule aad those in the molecular cryt>tal is shmm in Figure 1. The 

dia.gre.m a.lso depicts the convro-geuc.e of the en~rgy lev·~l3 i.:1 the isolatad 

molecule to an ionization lirr.it. Tho ionization limit in tl:..e crystal 

represents the energy level a.t Yhich the electron ia "\Tithia the cr~rstal 

but not specifically attached to a.n.y one molec:ule. The addl tion of a 

further a."!llunt of ener6:f equal to the work function for the crystal would 

lead to photocrnission of electrons (ptlotoelectric effect). 

It is apparent from the above analysis that the extent o:!' energy 

migration in molecular crystals will be determined i::·y the intensity of 

the ground ota~ to excited state transition and by the strength of the 

interactions between the molecules. However, interaction energies too 

small to exert a measurable effect on the absorption spectrum may still 

allow significant exciton migration to take place. · For example, a splitting 

or broadenit1g of ae H ttle as 1 em -l ( 0. 3 ~ at 5000 ~) can lead to as many 

as 1000 energy transfer processe6 betveen molecules during the lifetime of 

tha. exciton~ (18) In anthre.~cne, 1 t bas been estimated ( 20) f'rom e.>..'l'erirr.ents 

on senaitized fluorescence that approximately one million unit cells are 

- -8 visited by the exciton during its lifetime (ca. lC seconds). The distances 

over vhich excitions ll'.SJ diffuse have teen eotiroated(21) a.a 0.1 n:.icrons in 

anthracene and 0.2 microns in naphthalene. 

In a 3ivea ce.se, not all of the transitions 1'ro!r. the ground state 

to the vsriouu levels of th(_; exciton ·::,ead will be allowed. Thir; is due to 

the fact that the way 1n which the fu.nctiona, c, are combined to for::n the 

wo.ve function will l.le determined by the sytr.rootry of the a(<.@'et:,orate. For 

example, in the linear polymers of the cya.nine dyes, o'tly the transi tiou 
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between tha ground. state and the l.oveat level of the exciton band is 

allawedo This gives rise to an extremely sharp transition on the long 

vave length side of the isolated molecule absorption and. to resonance 

fluorescence • 0n the Other band, in anthracene 1 Which has two moleculeS 
) ' 

vith different orientation per unit cell1 transitione to both the top and 

bottom of the exciton bnnd are allowed, a.nd one can observe a. splitting of 

tho isolated molecule absorption into two closely-spaced components in 

the cr-ystal • 

.A further point of interest is that triplet states vill in general 

not be affected by aggregation (see Figure l) 1 inasmu<!h sa transition 

probabilities for singlet-triplet transitions are small. However, McRae 

and KQ.sha ( 22) have pointed out t.ha.t e~gation. should. euhance the 

pro'babili ty of the population of the lovrest triplet state. This is due to 

two effects: (a) the broadening of the first .excited singlet state should 

increase tbe energy overlap bctveen this state and the l~~st triplet 

state and (b) if the geometry of the o.ggrege:te is such as to J.qe.~ t.o a 

lowered probability of' transition from the ground state to the lowest level 

of' the exciton band (and viee ... versa.), a large enhancement in triplet state 

population should result ( tl:'lis effect is maximum for a card-pack type of 

structure) • 

( 3) Energy l{ign:~.tion by Charge Carrier Motion. 

The ~nciple ~~rimental evidencea for the occurrence ot charge 

carrier migration in organic crystals are the pheno1nena. of semic.onductivity 

and photoconductivity. (~~3) These experiments involw the measurement 

of incr~as~s in electrical conductivit.., ~.s a resl.llt of illumination in 

the molecular absorption bands (photoconductivity) or as ·a result of heating 

(seruiconductivity). In these systems, conductivity is found to increase 
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exponentiru.ly with tempmroture (this property ct!.n be used to define a 

semiconductor). Act1 vation energies are invsriabl.y smeller than the energy 

di:fference betveen the ground state and the first excited singlet state (see 

below for further discussion). Pure or~~c crystals are nor~ quite 

poor conductors, with room ternper~ture specific resistiVities ranging 

7 2l; 2 
froQ 10 -10 ohi.n em, as co~ared with a.pproxi.matel.'l 10 ohm em in pure 

germanium crystals. Such a lar3e d:tiYerence in resistivities between the 

two t:r.pes of syst~'lno ia consistent with the larg-e eli ff'erence in interaction 

energies in a.tom.ic or ionic crystals as opposed to orgar.ic molecu.J..ar crystals. 

For eY.ample, heats of sublimation are 2-3 ev. ·in the inorganic systems and 

approximately 0.01 ev. io many organic molecular crystals. 

It is apparent t.bat the thermal or photo-production of eY.citons 

cannot iu.tpart electrical conductivity to molecular crystals. This is because 

excitous represent bound states of the electron, that is, ate.tes in vhich 

t.ha excited electron is bound by Coulombic forces to the molecule with 

vb.ich it is associated. It is useful in the present context to c:onsid.er 

e.n exciton as consisting of R!l electron-positive hole :pair, the positive 

hole representing the vacancy in the electronic struct·ure of the molecule 

produced by the excitation of an electron from the highest filled orbital 

to the lowest untilled orbital. Thus, conductivity can only occur if the 

electron ~~d the hole are io~tzed. Such ionization ~ay be oaid to have 

occurred vhen the elec'bron and the hole are sufficiently far apart so e.s 

to be able to move independently of one another. 

Before we discuss in detail the mecha."lism of formation of 

chars,-e carriers in organic crystals, it is useful to consider the inorganic 

sero.ico.nductors. The at:~ systems have been widely studied and e. great deal 

is known about their properties (24,25). In an a.tzy"uc or ionic lattice 
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the interactions are suc.:h thst the ground electronic states of the o.toma 

or ions mre split into a band of' energy levels (valence band). Thus, in 

th~ae syotems, even in the ground ztate 1t is not possi~le to associate a· 

given electron with a G--iven ato;n or ion. The excited states o.lso interact 

strongly and are split ioto a band (conduction band) • Thus, an i ncreaae in 

temperature or absorption of light raises an electron from the valence band 

to the conduction band, resulting directly in electrical con•iucti vi ty, due 

both to the excited electron and to the positive hole. 

We see, therefore, that in the inorganic case, the interactions are 

of sut·ficient :magnitude to require electron deJ.ocalization resulting in 

excited states which are also conducting states. In orga:lic crystals, on 

the other band, interactions are very ruucb smaller, ground states are not 

split and excited states are non-conductir~ ..::~...:.ci toll states. 

How~ then, are cr.arge carriers produced in organic molecular 

crystaJ.a? It is apparent from Fie,-ure l that if suf.ficicnt energy is iniparted 

to the crJstal, the electron will be raised to the ionization limit and 

electrical conductivity will result. Lyons (26} has estirrated that for 

anthracene this energy should be 5.2 ± 0.6 ev. and for naphthalene 6.5 ± c.6 

ev. Uoweveri the activation energies f~r .semiconductiv:tty in these systems 

are known to be 1.9 ev. and 3.9 ev., respectively, and photoconductivity 

is know.1 to reoult from absorption in the first excited singlet states 

(3.2 ev. a.nd 4.1 ev., respectively). EvidentlJ, s.t least for these lllole-

. cules, conductivity cannot be the resttlt of excitation to the ionization 

limit. 

As Lyons (26) has pointed out, anthracene O.lld the higher aromatics. 

have been orJ.O'Wa to have a positive electron affinity (27). Thus, the 

process of ionization o:f a.n excito:1 will be made ea.sit!r by the interaction 

of the electron and a neiehtoring malecule. Furtherwore, these highly 
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conJugated molecules have large polarize.b111t1es and therefore ionization 

vill be further aided by the polarization of the environment bi the electron. 

'l'his point of viev baa been adopted by a number of authors (26,28,:?9). For 

example, Lyons (26) baa estimated the energy nocessar:r to ionize a mrruber 

of organic molecules .L"i the cryetalline state 1 with the electron being 

trapped by a neighboring molecule (t"ormation of nearest-neishbor ion-pairs). 

For anthracene and naphthalene values of 2.2 ev. and 3.9 cv., respectively, 

were calculated. From these valuen and from the values for the energy 

levels of the lowest excited states of e.1'lthrace.ne and naphthalene, Lyons 

estimated that additional energy waour1t:i.ng to 0.5 t o.G ev~ and 0.8 t 0.6 cv. 

for anthracene and naphtr:.alene, reapect1 vely 1 are necese.a.ry to completely 

ionize the exciton. This extra energy could be derived from (a) a die..: 

continuity in the lattice, (b) thermal energy or (e) a sufficiently strot~ 

electric field. Thus, this x:..echanism seeri.IS within tru! realm of possi-

b1li ty, although it should be kept in urind that the calculations are approx­

imate a.nd are susceptible to appreciable errors. It is worth noting, at 

this point, that the amount of e11ergy required to form ionized electrons and 

holes {charge carriers) in an organic crJstal does not bear any! pr~~!! 

rel.&tiou.shi::p to the amount o1' energy re;utr-ed to excite e. molecule to 1 ts 

lowest excited state (see reference 23, p. 666). 

It is apparent from the above discussion that it is possible to 

give a ree.sooable semiquautitativc interpretation of the forll'lation of 

free cha.rae carriere in organic crystals in terms of the ionization of an 

exc1 ton facill tated by the polarizabili ty &tld the electron affinity of 

the host w.olecule:s. However, this m~H:hanis£a can hardly be said to be 

catablish~d. In the first place, i~re ri~orouo quantitative calculations 

are needed. Secondly 1 difficulties ari&e when one attempts to interpret 

Bemiconductivity in terms of this r.:echaniar.'l. For example, although 
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activa:t.ion energies seem to correlate= fairly well vith ~stime.tes of the 

ener&r necessary to rorm nearest-neighbor ion-pairs, thell6 states are not 

euf:!'icie~lt.ly dissociated. to be conducting (soe above). L,;.toi1s has eug13ested 

that perhaps this additional ener~· could be a,CflUJ.red. 1"r~ a taree localized 

electric field aseociated v1th an imperfection in the crystal. It is 

1r~tcrestiag that, for a nu:n.oer o.f SJSte.ws, activation '·~<ier~tl':s for St!!m1.-

conductivity also s~em to cor1·elat•.: fairly vell vlth th~ en.er[!;/ levela of 

anis~f• in vbich the triplet state is n uecessar;; 1:-~termool&tl;! 1.n tbe formation 

of che.r!!.e carriers • 

con<luctivity propertiea of o.rgani\: or,;·Gta.l.s are: intd.<1sic to tl1a h':.tlk 

1aaterit:U being investigated. While ·it se·-~r.~.S reasonable to ex'Jlect intrinsic 

semiconductivlty and photoconductiv-ity in hi(;h~ conju.~tcrJ. systems, 

in me.n:r cases it has been shown ·(31,32.,331 34) t..ha.t s!OO.ll amounts of impurity 

materials can change the couduct.i vi ty :propetties of these systems by !!lllny 

orders of magnitude. For this r<.-aaon, lt is necessary to use caution in 

attempting to interpret the results of' me"-ur~n;:cnt& on theae properties, 

part.icularl.y in view ot' the dif.ficultles involved in :purii'Jlng 1:-a.ey organic 

compounds. 

We must nov inquire iuto what 1& kn.own in organic s:rstems about the 

probability of charge carrier formation from exc1tons ro1d about the 

movement of charge carriers through thE: lattice. These are propf!rtics 

of gree.t interest from the biological {Joint of view. Lyons (26) has esti-. 

mated transition probabilities i'or the di.1·ect optical excitation !'rom t.be 

ground state to the ionized state. Acaordi~ to those calculations i auch 

-6 transitions would have oscillator strengths of about 10 • Thus, direct 

excitation to the ionized uta.te is veri improbat.~lc, v.ith about the same 
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ol"der of 1m.pro'bab111ty as trana1t1ons from tbe &rOund state to the lowest 

triplet state. This, hoveYer, does nOt necessarily mean that the formation 

ot ionized states from a1nglet state e~citons is also hiGhlY tmprobabla. 

Por example, in many systems 1 t is possible to achieve quite high cff.'icieneies 

ot eonveraion of' light energy into triplet states via the radiationless 

crossing-over 'from the first excited singlet state. T'a.us, rad..iationlass 

processes can provide a mechanism for the population of staten to 'thieb 

rad1at1 \rc transi tioos are highl~r forbidden. 

Unfortunately., little 1':JOre of a de:f'iuitive nature~ e&l he satd 

regarding either quantum yields or mo'bil1 ty of charge carriers c This is 

mainly due to the fact that ont: cannot dlrectly rneanure charge carrier 

concentrations in orBIUlic eye was. EY.pertmentall.y 1 one is rest:cicteci to 

measurements of current., vhich is related to carrier eoncen.tre.tion by the 

folloving equation: 

1 • ~eM (5) 

where i a current 

e = electronic charge 
. 2 

~ = charge carrier mobility in ~l /volt second 

N • number of charge carriers 

~ e electric field strength in volts/ em 

A • eroas-sectional area of conductor 

'l'hus, a e\ll'rent measurement does not separate mob ill ty and concentration. 

In order to do this one must have an independent method of estinating 

one or the other o:t" these variables. While such methods do e:¥1st, 

thus far they have proven inapplicable to organic a.e.oUconductors. The 

failure of these methods is usually interpreted as indicating low mobil-

ities and lov quantum yields for carrier formation, or both~ However, 

it is known from e.xptlriments that, in some sy~1tems { anthracan.o ( 35.) 1 tetraceno, 

ebrysone, pyrene and antbrantbrene { 36)), holes are the more lLObile current 

. . 
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carriers. 

( 4) Kner&Y Conversion in Photosynthesis. 

In the l.aboTatory of Pro!'essor Calvin in Berkeley 1 we have been 

ma1nly concerned 'Vi th the investigation of the pri.ma.I7 quantum conversion 

process in photosynthesis in plant materials and v1 th the study of wodel 

systems related to the naturally-occurring system. By quantum conwreion 

in photosynthesis is meant the process whereby light absorbed by chloro­

phyll gives rise to oxidizing and reducing entitites. ~le oxidizing 

entity results 1n the formation of mol~ular oxygen from water and the 

reducing entity is used ultimately to reduce C02 to the lev~l of carbo· 

hydrate. Electron microscopy ( J() bas revealed the existence of highly 

ordered structures in chloroplasts (the site of pbotoeyntbesis) and thus 

1 t has seemed natural. to attempt to conceive of quantum conversion in 

terms of the properties of aggregates of organic molecules. A number or 

other lines of evidence have led to speculation in this same direction. 

Electron spin reaonance (ESR) absorption due to unpaired electron spins, 

as a result of the absorption of Ugbt in chlorophyll absorption bands 1 

has been datected in leaves, al.&&e, photosynthetic bacteria and isolated 

chloroplasts (J8,39,lto,4l). Some typical experiments with isolated 

spill&ch cbloropluts are shown in Figure 2. The fact that one can get 

effects at liquid N
2 

tem_persture vi th red light h.a.s suggested that a 

physical rather than an enzymatic process is responsible ·tor the !ormation 

or at .l..e.ut some of the unpaired electrons. Similar 1nd1cstions of the 

photopb;yeical nature ot t.he ear}¥ 'stages ot photosynthesis comes from 

studies of the luminescence of plant ma.ter1ala ( 42,43,44,45). Some 

typical luroinescenae dec~ curves tor sp1~ chloroplaSts and tor 

Chlorella are shown in Figure 3. These data were obtained ·by 111Uininat1on 
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v1tb a b1{#l-1ntena1t;v short-duration. tlash. Coolln& to liquid N2 temper-. 
•ture results in the disappeo.rance of only tbe slower PQrt1ona ot the 

~-nescence decey curve. At all tenweraturea, the lu.minescenoe is the 

result of the tran.a1t1on between the first excited singlet state and tbe 

ground state of chlorophyll. It is significant that similar millisecond 

tirue·<..'Onstant s1J:lgl.et-e1nglet eud.ssiona have been observed at low temper­

~turcs in cryste~ Qt phenan~ne ar.d naphthalene (46,47). 

Arnold. and Sherwood ( 48) and experiments in our own laboratory 

llave demonstrated that clried chloroplasts are pbotoconduct:tve and that 

thermoluminescence .(ligbt emi&aion as the result of beating in the dark 

subsequent to a prio:t" illumination) can be observed in these system&. 'l'h~s 

latter pbettomenon is t",ypical of photoconductors in wh1ah trapping of 

cbarse carriers occurs. 

All of ~ above experiments are consiotent vi th an hn>otbesia 

involving tho f'orrnatiou of charge carriers 'by illumination of c:hl.orophy'll, 

the trapping of these carriers and their utilization in chemioal or 

enz)'llatic reactions ( 49,50). 

In viev of the occurrenc;e o1' quino:Qes (Vi tams.n X, oocmzyme Q) 

(51,52) in photoa)'Dthetic atatema, ve felt it wul4 be of interest .to 

1nveat1s,ate the effect of airnil&r subatancea on tbe COD4uct1vity prop• 

ert1ee of ptsmam:e (52). A number of a;ystema have been exam'ae4, 1nclu41n& 

metal-tree phtbalocyan1ne 1 tetracene 1 COZ"'nene 1 ct.ecac;yclene 1 aa4 metbyl 

Jlh&ophorbide !. aa the semiconductor (electron donor) moiety 1 t\ad chl.orli\4111 

ortho-chl.ozoanil and phenanthrerwquinone aa the oxidizing (electron acceptor) 

mo1et;y. Tbe type or oample holder used in the meaaurements 1e shown b;y the 

"surt'ace" cell in Figure 4. Tho piGf:lOnt material was either sublimed onto 

the graphite electrodes or introduced by solvent evaporation from pi~nt 
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aolutiona. A benzene solution of the oxidizing agent was then sprayed 

onto the baok surface o! the ~ f'ilm. In thie manner it was possible to 

meaeure the aemiconductiVity and· pho·t.ocondl.Wt1vit;y of the pigment material 

before and after the introduction of oxidizing agent. In general, both 

the oemiconductivity and the photoconductivity of the pi[!)llent ms.ter1e.ls 

vas found to increase greatly upon the addition of the electron acceptor. 

The system which we have 1nvest1[§!ted in the greatest detail is the 

phthalocyanine-ortho-chloranil couple. Some of thl.ll results are shown in 

figure 5. It is apparent that bot.b the dark conduct1 v1 ty and the photo-

conductivity of the phthalocyanine increase quite spectacularly upon the 

o.ddi tion of oma.ll amounts of ortho-chl.oran11. Saturation dark currents 

are about 101 times those of the pure material whereas sa.turo.tion photo­

currents are about 105 ti.mee those of the pure material. In addition to 

these c.l:w.cgea, oae can meaeurc, using ESR 'teclmqiues;' the formation of 

unpaired e~ectrons in the dark upon the addition of ortbo-ch1oranil to 

the phthalocyanine and also the generation of a potential difference 

between the phthalocyauine lay-er and the ortho-cbloranil layer v1 th the 

-- pbthaloeyanine becom1ng positive and the ortho-ehloranil becondng negative. 

4 This suggests t.hat the following reaction takes place 111 the do.rk: 

PH + CH ;::! Pfl& + CH-e (6) 

leadlng to the increase in cond.ucti vi ty due to n 9 , the formation or 

unpaired spins and the generation of a potential dU'ference acroso the 

layer. 

Illumination of the pbtha.locyanine ayer with wave 1ensths in the 

absorption maxima leeds to an increase ia conduct! vi ty, a decrease in 

unpaired spin conce.ntnlt1on and an increase in tho potential difference 

across the layer. A typical ESR experiment is shown in Figure 6. All of 
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these proeeeses obey un1molecular kinatiee vith a time constant of about 

14<> secot~. These effects arc probably due to the .folloving reaction: 

(7) 

Inasmuch a.a illumination leads to a decrease in BSlt sigual 1 1 t 1 s necessary 

to ass'I.JlOO tb.o.t l?He 1 although paramagnetic, is not detectable in our ex.peri-

r-Jtmts 1 perhaiPs due to broadening of the reso:na.nce line. The decrease in 

ESR absorption, then, would be the result of the transforn.ation or c.a9 

(.pa.raroa!Yletic) into CHe ( di&.roa{?:letic) • 

According to equation ( 6), the llUIIlber of unpaired apins in the 

dark should be a measure of the charge carrier (PH$) concentration. 'l.'hus, 

by measuring the conductivity one can calculate a mobility by means of 

( ) ... 4 2; Equation 5 • This letads to a value of 10 em volt second for the 

mobility of holes in the pb~yani.ne layer. This value should be 

co~ared. with val.oos or 1-1000 cm.'2/volt second for inor~ic semicon.ductora. 

Furthermore., knovi.llB carrier mobility one Ca!l measure a quantw.c yield for 

carrier production. Such mea.aure...."lents lead to a value of lli'.pproxino.tely 

unity tor the quantum yield of riherge carrier for~ation in the phthaloc~~in~ 

ortho-chlorenil sys"t:..@m. By co,:-uparing the properties or the pure phthal.o-

aya.nine with those of the m:txed system, it is possible to conclude th'7lt 

tha qua.ntum y-ield for carrier production in the pure m.:.l.terial is prob­

.. 1 
ably less than 10 • A further difference between the pure and the mixed 

sys~ is that the Charge carrier lifetime 1n the letter is conoiderably 

lonaer than in the former. In fact, thia is th~ principle rena on for the 

large increase in steany-atate photoconclllctivity in :pht.hal.ocyaninc upon 

the addition of ortho-ch.loranil. The reason for thia increase in lifetime 

appears; to be that the ortho-chloranil nee;ative ions act as ef.ficlent . 
electron trapping ccnt.ers, thus tnaking charg-.-:: carrier recombination less 

probable. 
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From the above discussion, it seems possible to conclude that 

the preuence or a layer of strong electron acceptor on a film of an or£9il.llic 

dye· vill {a) increase the quantum yield for the production oi' charge carriers 

and (b) in.crea.Ge the li1"eti:u.e of the charge carrierG. Both o1' these effects 

vould tend to 1.ncrease the e~..ent to which clwrt?;e carrie:ra are ava1J..e.ble 

to d:; ch~mical or biological vork. On the basis of tllia pictuz·~, one can 

c::oustl'uct a nodel for the pr.\l£8.ry 1.\roccss in photosyathcais. Such a specu-

lation is shown in Fi.t::.rure '(. l.tt',A'lt absorbed by the chlorophyll layer (p:t"<,cess 

"a") wuld leo.d to c.r.citoas (*)which could migrate {pl•'.JCeM "·o") Ullttl 

they ca~ne into the vicinity c-f the electron &eceptor, A (perhaps a. 

quinone, such as coenzyme Q). When this occurred_, a:1 electr-on. would be 

t:t:>anaferrOO. (process "c") fr-.'1m the chlorophyll exciton to the accoptor. 

The electrons could the.n fie utilized in the C00 reduction s~atem vin 
.:. 

:pyridine nucleotides. Th~ hole in the '~hloroph:.;ll la:ler would be free 

to mi~ate (process tld") u.~.'ltil it c!a.rne into contact with vater or some 

hydroxyl.ated coUipound. An electron would the.."l be transferred t.o the 

<~hlorophyll poaitive~ species {proc~ss "e") rar.ulting in the formation of 

groun.i-state cbl.orophyll and radicals wl'licll would ultimately lea.d to 

molecular oxygen. It 13, of course, a~so possible to haYe s aimulta.n.eous 

double trsr~fer of electrons (not shown), one from a chlorophyll e~itcn 

to -A w.'ld tho other from the h;'rd.roxylat.ed e;pecins to chlorophyll. J,>ositive 

1011. 

Sueb a scheme, then, would provide a mechanism for the formation 

of o~ddi:ting and reducing entities from lie-llt euergy, for their util-

i:w;tion to do photosyc:J.thesis and for the prevention of the-ir reconibinat1on. 

In addition, it would be consistent with the ESR and luminescence retn.llts 

vith plant materia.la, with the rorphology of the chloroplast a..1d with what 

is kno·wn about similar proceuses in roodel systecnn. In t.'lis coOJ.lection 1 it 
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is of interest that, using layered system of the type discussed above, 

1t baa been pous1ble to eollStru.ct cells from which current may ba drawn 

aa a result of illumination. While these expcrimen.ts are still in tbe 

preliminary stages, they demonstrate that the electrona and holes formed 

upon illumination are indeed available to do chemical ~~rk. 

( 5) Problems :for the Future 

Although a considerable amount of information has b~en accucnu-

lat.ed regarding the processes of energy migr-ation in ordered orge.nic 

systems, it is clear that TD1iJ.n:J gapE in our knOwledge exist, the filling 

in of which woul.d undoubt.edl.y aid in achieving a better understanding of 

biologic:-.al energy conversion syste!I.U3. For exanrple, it would Le quite 

helpfUl in many casel3 to be able to assess the range of exciton migration 

to be expected in biological system.s. One could arrive at uuch estimates 

from in vitro stud.iE}s of crystals or natumlly..occurring pigment systems, 
~----~ 

either from theoretical calculations, from detailed spectroscopic investi-

ga.tious or from measurem.e.nts of sen.sitized fluorescence. A related :problem, 

which is Just beginning to be investigated (52~) 1 stems fror~t the poss1bili ty 

that pigment. molecules in vivo are in the form of' two-dimensional, rather --
than three-dimensional, aggreea,tes. · It is necessary to know whether or 

not there are Bignificant qualitative or quantitative differences oetveen 

the energy migration properties of these two types of aggregm.tes. 

With respect to charge carrier formation, it is evident that a 

good deal of theoretical and experirnental vork remains to be done before 

a complete uudersta.'lding of the mechanisr.ws 1nvolvel'd in this process ia 

achieved. Such an understanding is of im'.,;ortance with respect to an evalu ... 

ation of the extlent to vhich one cm.n expect the occurrence of free charge 
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carriers in biological systems. Thus 1 it would be of' value to investigate 

the manoer in which excitons interact v1th lattice vibrations, lattice 

imperfections and external electric fields. In addition, one would like 

to have information concerning ioni~tion potentials end electron affinities 

required to form chart>e carriers. i"inally ~ e.nd perl:l.Gps ''~at important of _ 

all, !'lne "WOuld like to knmr quantum yields for carrier formation a.11d the 

effect of •.mvi.rorn:::ental factors upon such yields. 

1\ pe.rt1cularly lmportant. area of intormat~on, ·and one irf whlch 

our knowledge is :J.ca."lty, concerns the rui~tion of charge carriers in 

molecular crystals. For e:r..ruople, we knmt ver;,l little about; charge carr1-=r 

mobili tics :ln aggregates of biol!'lgical.l.y-ir:!porta..•t pigr.>ents and about thG 

effec·t of otructurc a:1d 1I!1puri ties upon such mobilities. rlGw methods need 

to be d~veloped to attack t..l-:lese problems. It is also of i.'!IpO:rtanee to 

evaluate charge carrier lifetimes and the effects of electron or hole 

traps 1.\l)on such lifetimes as we.ll as the availability o:f charge carriers 

in biological pigmentn tor the performance of chemical work. 

Most of the inwstige.tion.s outHned abo'le deal Vith in vitro 
. --

systems. However 1 the biologist -will of course recog,nizc the importance 

of simultaneous studies with !£ !.!..!£·systems. Of great ir;tportance are 

experiments designed to determine the extent to which electromagnetic 

t~ner~"{.lf migration and mobile charge carriers occur 1n these systems. 

These are difficult experiments, but they are essential before one caJ1 

justify the a.pplice.tion of solid-state theory to bioloeica.l systems. 

·Furthermore, the coo;plexi tJr of the bib logical systems will undoubtedly 

neceasit&te nv.xUficatim1s of conclusions drawn !'rom experiments upon !E_ vitro 

syste:us. 
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3rt' the clectrouie transition bru; x~o dipole morent, higher order te~ must. 

be used. 1-~or. exe.t';J;)le 1 in the case of antlu"&~cne 1 the d.:i110lo-dipole term 1s 

importa:1t (see ref. ll e.nd 12) 1 whc~reas i·or. ber;,zenc, the firt.'t non-vanishing 

term is the octupole-octupole (aee re:r. 13). Tbe latter te:rm ia proportioual 

to l/r7• 

4'1'he :f'ollo,rl.ng abbreviations vill be uzed in the discussion: 

PH c metal-free phthalocyani.ne 

* PH = !'1rst excited singlet state or phthalocyanine 

PH$ a phthalocyanine positive ion 

CH = ortho-chl.oranil 

CH9 = ortho.;.chloranil nege.ti ve ion-radical 

CH•llll ortho-clllora.nil double negative ion 
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Fig. 1: Schematic representation of Gleotrollic energy levols in isolated 

molecules (a) e.nd molecular crystals (b). G = ground state; 

8 = excited singlet statea; T = excited triplet atates. The 

energy acale is distorted so as to shov-1 more clearly the phenOl.!lenA 

of exciton band oplitting and the oecurreace of e.u ionization limit. 

Fie;. 2: .!Use and d~ay curves lor liG.ht-iuduced BBR signals in spinach 

0 0 
chloroplasts e.t 25 C .an<i -150 C. 

Fig. 3: Decaf curves of luminescence emission in Chlorella s.nii ttpinach 

chloroplasts at 21°C and -165°c. 

Fie;. i+: Sch~tic dia.gra:n ol' SD.!Jll.)le cell£; t;.sed in conductivity measurcment.s. 

Fig. 5: Variation of dark conductivity and 6-tee.dy-st.a.te :photocontiuctivity 

o'" metal-free phthaloc;{a.nine 'With amount of addoo ortho-cbloranil. 

Fig. G: Effect of illumination "With -white light on the .ESR signal in ortho-

chlora.oil-metal-free phthe.loc;>·anine junctions. 

Fig. '7: Schematic diagr£I.ii o:f' r..yvot.hetical photosynthetic quantum conversion 

process. A ""' electrOt'l G'.cceptor 1 HOH = water or other hydroxylated 

species. 
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