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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.
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United States Atomic Energy Commission.
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ENERGY MIGRATION IN AGGRECATED PIGMENT SYSTEMS AND BIOLOGICAL ENERGY CONVERSIGNl

) s
Gordon Tollin®

Lavrence Radlation Laboretory, Uaniversity of California
- Berkele,, California

(1) Introduction

A characteristlce feature ofmmany.biological énergy conversiod systems
i® the occurrence of highl; conJuguted Qrgénic molecules functioning either
as light absorbers (chlorophylls, caroteaoids eﬁc.) or as components of
oxidation-reduction couples (cytOChromes).‘ Mérphplogical studies reveal
thé preseace of appafently highly ordered lsmetlar structures consisting
of pigrents along with protein and lipid cbnﬁtitﬁents. A Turther property
of these gystems is the ability to transfer energy from oue ccméonent to
another.. For example, In photosynthesis it is known that electromagnetic
energy can migrate from the so-called accessory plgmeats (phycocyanins,
phycoerythrins, cerotenolds etc.) to the chlorophylls {1,2,3,%). In a&d~
;tion, there is evidence for the existeace of & fuﬁctional ph&tosyﬁth&tie
uait consisting of seversl huadred chlorophyll nolecules (5,6) which suggests
that energy msy migrate among the chilorophylls themsel?es. In the res-
plratory system, energy migratlon proceeds by the tregsfer of electrons
from substrate through the cytochrome pigments to molecular oxygen (7).

Two types of energy migretion sre known to occur in pure organic
molecular crystéls. These are exclton trensfer, which involves the migration
of electromagnetic energy ﬁhroughout the aggregate, and charge carrier
wigration, which involves the motion of free electrons and/or free

- positive holes. Thus, it has seemed natural to attempt to use these
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properties of the pure materisls as models for the biologlcel systems. It
is of interest, therefore, to reviev some of the theoretical sspects of
energy migration in aggregated pigments and to present some of the possible

implications for bioloyy, particularly for the photcsynthetic systen,

(2) Energy Migretion by Exciton Transfer

The principle experimental evidence for electromagnetic energy
migration in organic moleculsr crystals ;s provided by studies of senasitized
fluorescence, that is, fluorescence by moleculés of one species excited by
avsorption in moleculea of a different specles. For example, the preseace
of traces of naphthacene (tetracene) diasol&ed in crystelline anthrecenc
lesds to fluorescence emissiou from both substances (G). vhen the
naphﬁhacene concentration is spproximately 0.1 per ceul, the anthracene
fluorescence ig alwost completely replaced by the naphthacene emission.
S8inmilarly, traces of anthracene in crjstallina naphthalene replace the
ultraviolet fluorescence of the nephthalsne with the blue~violet anthracene
emisaion (8). |

There are two mechanisms which have been invoked to explain these
energy migration pheaomena. One of these 1is the exciton theory which was
first developed by Frenkel (9) and Peierls (10) and later applied to
organic molecular crystals by Davydov (11), Creig and Bobbins (12) and
‘Fox and Schnepp (13). Bemiquantitative discussions of this theory have
been given-by'franck and Teller (14%) end by Kacha (lS).. The other process
is the reeonance transfer of energy betveeﬁ molecuiés separated by lerge
distances. This has been developed theoretically by Fbroter (16) and by

Dexter (17). Inasmuch es most of the recent interpretations of the
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electronic properties of moleculsr crystals have been in térms of the
exciton theory, we will confine the present discussion to this theory. An
excellent review of the current state of kxnowledge with respect to the
theoretical and experimental asﬁects of orgmmic erystal spectra has been
glvea oy McClure (18).

The basic assumption lnvolved in the exciton theory is thet the
interaction energy velwueen molecules in the crystsl 18 small compared with -
the intramolecular cnergies so that the elecironic structure of the mole-
cules ié esgentially undisturbed by crystal formation. Such sn assumplion
is éonsistent with the fact that the a'bsofption' spactra of most or@nic
erystals are not much different fmm the spectra observed in the gBs
rhase or in solution. This allove a wave function for the\ground state
of the cryst;al, § G’ to bg written to.. 2 first approximation as& &

simple product of molecular wave functions, ¢4& :
§G=¢/¢‘-¢} .... ¢U= //a : (1)
| s |
If, now, we permit one of lhe molecules of the crystal or aggregate to be

in an excited-dlectronic state, we may write an excited state wave function,

*.
}—_» s in which the 1th molecule is excited, as follows:
¢
# ® *
A A AR AR A AN/ S
, A% _‘
It is apparent that, if all of the molecules in the crystal are identical,

8ll of the wave functions E—f will ve energetically equivelent. There-
fore ’ li a mechanisn exists by which excitation enercy'my be exchanged
between wmolecules 1 and J in the agsregate, the wave functioans for the
excited state of the eggregate could be written as e sum, over all of the
wolecules, of the functions f‘—? . This is equivalent ¢o ‘sa.;/ing that a
single excitation in an aggregate of molecules belongs to all of the mole-

cules in the gygregate. Such a wmechanism for energy exchange is introduced
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into the theory in the form of s perturbation caused by dipole-dipole
interaction between the transition dipole for the electronic transition3
and an induced dipole in a neighboring molecule. The magnlitude of this

interaction will be proportional to = s vhere r is the igtermoleéular

z3

separation, and to the sqQuare of the transitlon moment integral for the
ground state to excited state traasition (18,13). Thus, the wave fuuction

: ®
for the oxclted state of the apgregste, 22? y 38y be written as:

— D T¥ | ‘ |
L=< 8 4 (3)
]
end excitation energy may bYe said to wigrate throughout the aggregate.
If one calculgtes an excitation energy.for the crystal, usiag
equations (1) and (3}, one obtains (11): |
| A€ =06 +D+E )
Awheré AEm_.ié the energy of sxecitation for an isolated molecule,
D represents z shift in traasition energy due to the energy of interaction
of the charge distribution oi an excited molecule with its ground state
neighbor end to the binding energy éf the crystal in its ground state
(heat of sublimation) and -E, arises from the exchange of enerygy among'
the molecules in the aggregate. From the form of the £ term (11), one
can'conclu@e that to each discrete allowed electron energy level in the
isolated molecule, there corresponds in the ;rystal a band of densely
.distributed‘allowed electron eﬁergies. That is, the excited states of
the isolated molecﬁles are s8plit ivto a bvand of energies in.the cerystal.
The nmuer of energy levels in the band is equal to the nurber of molecules
in the aggregate aad the width Gf the band is determined by the magnitude of
the iaterr:tions vetween excited strie eed ground state. This b&n@ of
energy levels is called the exciton-baud and the exchange of eicitation

enargy between molecules is designated as exciton migration. It is worth



noting that, in moleculsr crystals, the ground states are not split,
although they will, in general, be slightly lowered in energy Vith respect
to the isolsted molecule due to ven der Waals iateraction.
. The relationship between thé energy levels ih the isolated nole-
culé and those in the molecular crystal is shown in Figure 1. The
diagram also depicts the convergence of the energy levels 1a the 1solated
molecule to sn fonization limit. Tho ionizetfon limit ia the crystal
represents the energy level st which the electron is within the crystal
but not specifically attached t¢ any one molecule. The addition of a
further amoﬁnt of energy equel to the wvork function for the crystal would
lead to photoemission of electrons (photoeiectric effect).
It is apparent from the sbove analysis that the extent of enerygy
nigretion in moleculer crystals will be determined oy the intensity of
the pround state to exclited state transitlion and by the atrength of the
‘interactions between the molecules. However; interaction energies too )
snall to exert a measurable effect on the absorption spectrum ﬁay siill
allow significant exciten migration to taxe place. - For exauple, a splitting
or broadening of as little as 1 et (0.3 R at soo0¢ £) can lead %o as many
as 100U energy tranefer processes vetween molecules during the lifetime of
the exciton.(18)In enthracene, it has been estimated (2C)frow experiments
on sensitized fluorescence that approximately one million uanit cells are
visited by the exciton during ite iifetimﬂ (ca. 10*& seconds)., The distances
overlwhich excitions may diffuse have Leen estimated(2l) as G.1 nicrons in
anthfncene and 0.2 micronz in naphthalehe.
In a given case, not gll of the tranéitions from the ground state
to the various levels of the exciton hand will be allowed. This is due to
the fact that the way in which the functions, j{f, are cbmbined to fora the
wave function will be determined oy the symumetry of the ezgregate. For

example, in the linesr polymers of the cyanine dyes, only the transition
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between the ground stote and the lowest level of the exciton band is
allowed. This gives rise to an extremely sharp transition on the long
vave léngth side of the isolated molecule aebsorption and to resonance
fluorescence. On the other hand, in anthracene, which has two molecules
ui%h diffefent arigntation per unit cell, transitions to both the top snd
bottom of the exciton band are allowed, and one can observe a splitting of
the isolated molecule absorption into two closely-spaced components in
the crystal.

further psint of interest 1s that triplet states will in general
not be affected by szgreghtion (see Pigure l),'ina&much a8 transition
probabilities for singlet~triplet transitions are small. However, McRse
and Kasha (22) have pointed out that aggregation should enhsnce the
probabilityiof the population of the loweét triplet state. This is dﬁe to
two effects: (a) £he broadening of the first excited singlet state should
increase the snergy overlsp between this state and tﬁe loweat triplet
state and (b) if the geometry of the ageregate is such as to lead to a
lowered probability of transitlon from the ground state to the lowest level
of the exciton band (and vice«versa), a large eanhencement in triplet state
population should result (this effect is waximum for e card-pack type of

structure). .

(3) ¥nergy Migration by Charge Carvier Motion.

The principle experimentsl evidences for the occuxrrence of charge
carricr migration in brg&nic erystals are the phenomena of semiconductivity
and phctoe;nductivity. (23) These experiments involve the messurement
of increases in electrical conductivit, =6 & result of illumination in
the molecular absorption bands (photoconductivity) or as & result of heating

(semiconductivity). In these systems, conductivity is found to increase
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exponentially with temperature (this property can be used to define @
semiconductor). Activation energies are invarisbly smaller than the energy
difference betiéeen the ground state and the first excited singlet state (see
below for further discussion). Pure organic crystals are norually quite
poor conductors, with room tempersture specific resistivities ranging
fron l07-162k ohw cm, as compared with approximately 102 ohm cm ia pure
germanium cfystals. Such g large difference in resistivities between the
two types of systems is consistent with the large difference in interaction
energies in atomic or ionic crystals es oﬁposed to orgmnic molecular crystals.
For exemple, heats of publimatlion are 2-3 ev. in the lnorganic systems and
approximately 0.01 ev. in many organic molécular crystals,

It is spparent that the theruml or photo-prediction of excitons
| cannot impart electrical conductivity to molecular crystals. This 1s becsuse
excitons represent bound states of the electron, that is, stetes in which
the excited electron is bound by Coulombic forces %o the molecule with |
which it is.associated. It is useful in the present context to,éonsider
en exciton es consisting of an electron-positive hole pair, the positive
hole represeating the vacancy in the electronic structure of the molecule
produced by the excitation of an electron from the highest filled orbital
to the lowest unfilled orbital. Thus, conductivity can only occur if the
electron and the hole are ionized. Such ionization may be szid to havg
occurred when the electron and the hole are sufficleantly far spart so as
to ve sble to move 1ndépendently of one another. |

Before we discuss in detail the wechanism of formation of
charge carriers in organic crystals, it is useful to consider the inorganic
semiconductors. These systens have been widely studied and & great deal

is known about their properties (24,25), In an atomic or ionic lattice
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the interactions sre such that the ground electronic states of ¢the atoms
or ions are split into a band of energy levels {valence band). Thus, in
these systems, even in the ground state 1t is not possible to assoctate a;
given electron with a glven atom or ion. The excited states also interact
strongly snd are split 1ato a band (conduction band). Thus, an increase in
temperature or absorption of light ralses an electron from the valence hand
to the conduction band, resulting directly in electrical conductivity, due
both to the excited electron and to the positive hole,

We see, therefore, that in ﬁhe inorganié case; the interactions are
of sufficient maghituﬂe to require electroﬁ delocmlization resulting in
exclted states which are also conducting states. In organic crystals, cn
. the other hand, interactions are very much sméller, ground stetes are not
split and excited states are non-éon&ucting‘c;citon states,

How, then, are charge carriers produced in orgsnic molecular
cf}st&lﬂ? It is gpparent from Figﬁre 1 that if sufiicient energy is lmparted
to the crystal, the electron will be raised to the lonization limit and
electrical conductiVify will result. Lyons (28) has estimsted that for
mnthrecene thia energy should be 5.2 t 0.6 ev. and for nephthalene 6.5 t C.6
ev, HowéVer, the activaetion energies for semlconductivity in these systewms |
are known to be 1.9 ev. and 3.9 ev., respectively, and photoconductivity
is knowa to result from absorplion in the firet excited singlet states
(3.2 ev, and 4.1 ev., respectively). BEvideatly, st least Tor these mole-

:cules, conductivity cannot be the result of excitation to the iopization
limit,

As Lyons (206) has poilnted out, anthracene and the higher sronatics
have been showa to have a positive electron affinity (27). Thus, the
process of lonization of an exciton will be made easier by the interaction

of the eclectron and & neightoring molecule. Furthermore, these highly
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conjugated molecules have large polarizabilities and thereforefionization
will be further aided by the polarization of the environment by the electron.
This point of view has been‘adopted by & number of authors (26,28,29). For
example, Lyons (26) has estimated the energy necessary to ionize a numver
of organic molecules in the crystalline state, with the electron being
trapped by a neighboring molecule (formation of nearest-neighbor ion-pairs).
For anthracene and naphthalene values of 2.2 ev. and 3.9 ev., respectively,
were celculated. From these values and from the values for the enérgy
levels of the lowest excited states of authrecene snd uaphthalene; Lyons
eétimated that addifional eneryy émbuniing to 0.5 % 0.0 ev. and C.0 £ C.0 ev.
for anthracene and naphthalene, respectively, are necessary to coumlgtely
fonize the exciton. ‘This extra energy could be derived from (a) a dis-
continuity in the lattice, (b) therwsl enmergy or (c) a sufficienfly stroang
électric field. Thus, this rechanisnm seemws within the realm of possi-
bility, although it should be kept in wmind that the calculations are approx-
imate and are susceptible to sppreclable errors. It is worth noting; at
thie point, that the amount of energy required to foram ionized electrons and
holes (chargq carriers) in an organic crystal does not bear any a priori
relationship to the awmount of energy rejuired to excite s molecule to its
lowest excited state (Bee reference 23, p. 666). |

It ia apparent from the above discuassioon that 1t is possiule to
glve & reasonable semiquautitative interpretation of the formation of
free chéxae carriers in organic crystals in terms of the ionization of an
exciton facilitated by the polarizébiLity ﬁnd the electron affinity of
the host molecules. However, this mechanism can hardly be sald to be
eétablished.' In the first place, more rigorous guantitative calculations
are needed. Secondly, difficulties arise when one attempts to iuterpret

semiconductivity in terms of this mechanism. For exmaple, although



activation energles seem to correlste fairly well vith estimates of the
energy necessary to form neaiest-ueighbor 1on-§airs, these states are not
sufficieatly dissociated to be conducting (ece above). Lyons hae suggested
that perhaps this additional energy could be acguired frag g larze localized
electric Tield essociated with an iwperfection in the crystal., It is
interegting that, ror a nuuner of gystess, activation =oiergies for semi-
conductivity also scem to correlate falrly well with the energy levels of

the lowest triplet states. Thia has lg& Ro&enberg (20) to propose s mech-
enisx in which the triplet state is & vecessary intermediate 41 the fdrmaiion
of charge carviers.

In the aebove discussion it has besn assumed thnt the observed
conductivity properties of organic crystals arce intriasic to the hulk
naterial being‘invcstigated; While 1t seuims reasonable to expect intrinsic
semiconductivity and photoconductivity 1a highly conjugated éystems,
in many cases it has been shown'(3l,32,33,3h) that suall amounts of ifmpurity
materialg can change the conductivity propekties of these systens by many
orders of_magﬁitude. For this reamson, it is necessary to use caution in
attempting to interpret the results of measurencnts on these properties,
particulsrliy in view of the difficulitles iavolved in purifying many organic
compounds .

Ve must nov inquire into wnat 16 known in organlc systéms about the
provability of charge omrrier foruation {rom excitons and about the
movem&nt.of charge carriers through the lattice. These are properties
of grast interest frow the biological point of view. Lyons (26) has esti-.
mated transition provabilities for the direct optical excltation from the
ground state to the ionized state. According to these calculstions, such
transitions would have oscillator strengths of about 10'6. Thus, direct

excitation to the ionized state is very ilmprobable, with about the same
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order of improbgbility as transitions from the ground state to the lowest
triplet state. This, however, does not necessarily mean that the formation
of ionized states from singlet state excitons is alsc highly izprobable,
For example, in many systems it is possible to achleve quite high efficiencies
of conversion of light energy into triplet states via the radlationless
crossing-over from the first excited singlet state. Thus, radiationless
processes can provide a pechanism for the_population of states to which
radiative transitions are highly forbidden.
| Unfortunately, little more of a definitive nature caa be sald
vegarding either quantum yields or mobility of chargg“carricrs, This is
meinly due to the fact that one cannot direcﬁly measure charge carrier
concentratioha in organic systmms. Bxperimentally, one is restrlcted to
measurements of current, wﬁich is related to carrier concentration by the
following equation: |
1 = pNeAl . f (5)

where 1 = current

e = eléc;ronic charge

B = chafgﬂ carrier movility in cm?/volt second

N = numbexr of charge carriers

E = electric field strength in volts/ca

A

= cross-sectional arce of conductor

Thus, & current weasurement does not separate mobility and concentration.

In ordef to do this one must have an independent method of estimating

one‘or the other of these variables. While such methods do exist,

thus far they have proven inspplicable to organic semiconductors. The
failure of these methods is usually interpreted as indicating low mobil-
ities and low quantum yields for carrier formation, or both, However,

it 1§ known from experiments that, in some systems (anthracdne (39), tetracenc,

chrysene, pyrens and anthranthrene (36)), holes are the more mobile current



carriers.

(4) Energy Conversion in Photosynthesis.

In the laboratory of Professor Calvin in Berkeley, we have been‘
mainly concerned with the investigation of the primary qQuantum conversion
éroceaa iq photosynthesis in plant materials and with the study of wodel
systems related to the naturally-occurring system. By quantum conversion
in photosynthesie i1s meant the process whereby light abgorbed by chloro-
phyll gives rise to oxidizing and reducing entitites. The oxidizing
entity feaults in the formaﬁion of molgcular‘ogygen from water and the
reducing entlty is used ultimately to reduce CO2 to the level of carbo-
hydrate. Electron microscopy (37) bas revealed the existence of highly
ordered structures in chloroplasts (ths site of photosynthesis) end thus
it has seémed natural to attempt to conceive of quantum conversion in
terms of the properties of agsregates of organic molecules. A number of
other lines of sgvideace bave led to speculation in this ssme direction.
Electron spin resonsnce (ESR) sbsorption due to unpaired electron spins,
a8 & result of the absorption of light in chlorophyll #bsorption bands,
has been detected in leaves, algse, photosynthetic bacteria and isolated
chloroplaste (38,39,40,41). Some typical experiments with isolated
spinach chloroplasts are shown in Figure 2. The fact that one can get
- effects at liguid R2 temperaturé with red light hzs suggested that a
physical rather than an enzymsatic process is responsible for the formation
of at least some of the unpaired electrons. Similar 1nd$cations of the
photophysical nature of the early stages of photosynthesis comee from
studies of the luminescence of plant matertals (42,43,44,45). Some
typical luminescence decay curves for spinach chloroplests and for
Chlorella are shown in Figure 3. These data were obtained by illumination
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vith a high-intensity short-duration flssh. Cooling to nqmd N, temper- K
ature resulis in the disappearance of only the slower portions oftha
luminescence decay curve. At all temperatures, the luminescence .is the
reault of the transition betweeh the first excited sianglet gtate and the
grouwd state of chlorophyll. It is significant that similer millisecond
tine-constant singlet-singlet emissians have been observed st low temper-
atures in crystals of phenanthrene and naphthalene (46,47).

Araold and Shervood (48) and experiments in our own laboratory
have demonstrated that dried chlorbpiast_s are photoconductive and that
thermoluminescence (light emission es the result of heating in the dark
subsequent to a prior illumination) can be obéerved in these systema. This
latter phenomenon is typical of photoconductoré in vhich trapping of
charge carriers occurs. ' o

Ail of the above experiments are consistent with an hypothesis
involvins the formation of charge carriers by illumination of chlorophyll,
the trapping of these carriers and their utilization in chemical or
enzymatic reactions (h9,56). ,

In viev of the occurrence of quinones (Vitamin X, coensyme Q)
(51,52) in ﬁhotosynthauc ayst;ems » W@ felt it would be of interest to
1msusa€e the effect of similar substances oﬁ the conductivity prop-
erties of pignents (52). A mmber of systems have been examined, Lacluding
metal-free phthalocyanine, tetracene, coronene, decacycleme, and methyl
pheopborbide o ao the semiconductor (electron donor) moiety, and chloranil,
ort.-ho-cixlomnil and phensnthrenoquinone as the oxidizing (el.ectroh acceptor)
moiety. The type of saumple holder used in the measurements is shown by the
‘fsurt‘acg" cell in Figure 4., The pignent materisl was either sublimed oato

the graphite electrodes or introduced by solvent evaporation from piguent
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golutions. A bengene solution of the oxidizing sgent was then sprayed
onto the back surface of the dye film. In this manner 1t was possible to
measure the semiconductivity end photoconducﬁivity of the pigment material
before and after the introduction of oxidizing egent. In general, both
the semdconductivity and the photocop@uctivity of the pignent meterials
vas found to increase greatly upon the addition of the electron acceptor.
The system which we have investigated in the greatest detall is the
,,phthblocyaninﬂ-ortho-chloranil couple. Some of the results are showm in
Figure 5. It is apparent that both the dark conductivity and the photo-
conductivity of the phthalocyanine increase qui_te spectacularly upon the
sddition of omall swounts of ortho-chloranil. Satui-ation dark currents

7

are about 10 times those of the pure meterial whereas saturation photo-

5 times those of the pure material. In esddition to

currents ere sbout 10
these changes, one cen measure, using ESR ‘technqiues, the formation of
unpaired electrons in the dark upon the addition of ortho-chloranil to

the phthalocyanine and also the generation of & potential difference
between the phmlocyaniné layer and the ortho-chloranil layer with the
phthalocyanine becaming positive sud the ortho-chloranil becoming negstive.

This suggests that the following reaction takes placs in the da.rk:“

P8 + cH = p° + ci® (6)
leading to the incmme in conductivity due to P'He, the formation of
unpa.imd spins end the generation of a potentisl differencs acrogs the
layer.

Illumination of the phthalocyanine layer with wave lengths in the
absorption maxinae leads to an increase in conductivity, a decresse in
unpaired spin concanimtion and an increase in the potential difference

across the lasyer. A typicel ESR experiument is shown in Figure 6. All of
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SATURATION VALUES IN HIGHLY DOPED SAMPLES
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Figure 5.




EFFECT OF ILLUMINATION ON THE ELECTRON SPIN RESONANCE SIGNAL OF
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Figure 6.
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these processes obey unimolecular kinetics with a time constant of about

40 seconds. These effects are probably due to the following reaction:
R o+ cn° = e o+ cr® (1)

Inasouch es illunination leads to a decrease in SR sigual, it is necessary
to assuma that PHe, althoupgh paramagnetic, is not detectable in our experi-
ments, perhaps due to broadening of the resonance line. The decrease in
ESR absorption, then, would be the result of the transformation of CH9
(psramagnetic) into c® (dismagnetic).

According to equation (6), the number of unpaired spins in the
dark should de a megsure of the charge carrier (Pﬁe) concentration. Thus,
by measuring the conductivity one can calculate & wobility by mesus of
Equation (5). This leads to & value of 10”‘ cme/volt second for the
mobility of holes in the phthalocyeniae leyer. This value should be
‘conpared with values of 1-1000 cmg/volt second for inorgmnic semiconductors.
Furthermore, knowing carrier mobility one can measure a quantuc yleld for
carrier production. Such measurements lead to a value of gpproximately
unity for the Quantum yield of charge cerrier foruation in the phthalocyarine.
ortho-chloranil system. By comparing the properties of the pure phthalo-
cyanine with those of the wixed system, it is possible to conclude that
the quantum yield for carrier production in the pure wmaterial is prob-
ably less than 10™Y. A further difference between the pure end the mixed
systems is that the charge carrier lifetime in the letter is considerably
longer than in the former. In fact, ﬁhié is the principle reason for the
large increase in gtesdy-~state photoconductivity in phthalocyanine upon
fba addition of orﬁho~chlaranil. fbe reason for this increase in lifetime
appears to be that the ortho~chloranil negative ions act as efficlent

electron trapplng conters, thus making charge carrier recombinastion legs

probable,
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From the above discuesion, 1t seems foasible to conclude that

the prescnce of a layer of strong ealectron acceptor on & film of an organic
dye will (a) incresse the quantun yield for the production of cbarge.carriers
and (b) increase the lifetise of the charge carriers. Both of these effects
vould.tend 1o 1necrease the extent to which ch&fge carriers are sveilable
to do chewical or blological work. On the basis of this pleture, one can
coustruet o nodel for the privary process in photosynthesis., Such a specu-~

tion is shown in Figure 7. Light sbsorbed by the chlerophyll lsyer (proccss
“&") would lead to exciltons (*) which could uigrate (process "p") until
they came into the vicinity of the electfén acceptor, A {perhaps a
quinone, such as coeazync Q). Whea this occurred, an clectron would ﬁe
traneferred (process "c¢") from the chlorophyll exciton to the acceptor.
The electroas could thea be utilized in the CO, reductlon systew via
pyridine nucleotides. The hole in tha chlorophyll layer would bve free
to migrate (process "d") uatil it came into contact with vater or asome
hydroxylated couwpound. An electron would then be transferred to the
éhloroﬁhyll positive species (process "e") resulting in the formation of
grounﬁ-state chlorophyll and radicals which would ultimately lead to
molecular oxygen. It is, of course, also possible to have s simultanecous
double trsusfer of electrous {not shown), one from & chiorophyll excitcn
to A and the other from the hydroxylated species to chlorophyll positive
ton, '
Su&h 8 scheme, then, would provide & mechanism for the formation
of oxidizing and reducing entities from light energy, for their util-
ization to do photosyuthesis and for the prevention of their recoubination.
In sddition, it would be consistent with the ESR and luminescence resulis
vith plant materisils, with the morphology of the chloroplast and with whaet

is known about similar processes in model systems. In this connection, it
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is of interest that, using layered system of the type discuésed above,
it has been possidle to construet cells from which current may ve drevm
£3 8 result of illuminstion. VWhile these experiments are still in the
prellminsry siagea, they demonatrate that the electrons and holes foraed

upon illuminetion are indeed availadble to do chemical work.

(5) Problems for the Fum{m
Although a considersble asmount of informetion has been accumgu-

lated regarding the processes of energy migration in ordered orgnniq
systems, it is clear that meny gaps in oﬁr knowledge exist, the filling
in of which would undoubtadly aid in achleving a better understanding of
blological energy converslon systems. For exanple, it would te quite
helpful in many cases to be able to mssess the range of exciton migration
to be expected in biologlcal systems. One could arrive st such estimates
from in vitro studies of crystals of naturaily«accurring pigreent systems,
elther from theoretical calculations, from detailed spectroscopic investi-
gations or from measurements of sensitized fluorescence. A related problem,
which 13 just beglnning to be investigeted (S4), stews from the possibility
that pigment moleculee in vivo are in the form of two-dimensional, rather
thaﬁ three-dimensionsl, aggrepates. It is necessary to know whether or
not there are significant gualitetive or guantitative differences vetween
the energy wigration properties of these Ywo types of aggregates.

 With respect to charge carrier formation, it is evident that a
good deal of theoretical and experimeantal work reusins to be done before
a complete understanding of the mechanisms involved in this process is
achieved. Such an understending is of‘importance with respect to an evaliu-

atlion of the extent to which one can expect the occurrence of free chsrge



carriers in biological systems., Thus, it would be of value to investignte
the manner in which excitons interact with lattice vibrations, lattice
irperfections and externgl electric fields. In.addifion, one would like

to have information concerning ionization potentisls and electron affinities
of nafurally-occurriug pigments in ardef to bé able to estimate‘tﬁe energy
required to form charge carriers. Fiﬁally, and pérhaps maat im@oftant of .
all, one would like to ¥mow gquantuwa ylelds for carriér formation and the
effoct of environzental factors upon such ylelds.

A particulariy jrportant area of inforﬂmxgbﬁ,'andvone in which
our kﬁoﬁledge i3 scanty, copceras the migratién of charga carriars in
molecular crystals, For example, we know very little dbcut_charge carrisr
mobiiities in aggregates of biologicaliy-impdrﬁant ﬁigménts and about the
effect of structure and 1mpurities upon such ﬁpbilitiea. lew methods need
to be developed to atﬁack these provlems. It is also of importance to
evaluate charge carrier lifetimes and the effects of electron or hqle
traps vpon guch lifetines as well as the availability of charge carriers
in biological plguents forvthe verformance of chemical work.

Most of the investigations outlined above deal with in vitro
systems. However, the blologist will of course recognize the importance
of slmiltaneous studies with in vivo systems. Of great irportance are

' ! .
experizents designed to determine @he extent to which electromagnetic
energy mlgration aﬁd mobile charge carriers occur in these systems.
These a&e difficult experimeﬁts, but they are essential before one can
Justify the application of solid-state theory to biologiéél systema,
-Furthermore, the couplexity of the bilblogical systems will undoﬁbtedly
necessitate modifications of conclusions drawn from experiuents upon in vitro

systens.
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Footnotes

Lrne vork deseribed 1n this paper was sponsored in part by the United States

Atomic Energy Commiszion.
[ )
“Present sddress: Department of Chealstry, University of Arizona, Tucson, Arizona.

3If the electronic transition baé no dipole woment, higher order termt must
be used. For exarple, in ihe case of anthrecene, the dipoie-dipole ters is

important (see ref. li end 12), whereas fdr.benzene,'the first non-vanishing
term 1s the octupole-octupole (see ref. 13). The latter term is proportional
to i/rl.
k‘I'he following abbreviations will be uged in the discussion:

'PH = metal-fres phthalocyanine

PH#Q first excited singlet state of phthelocyanine

PHQB phthalocyanine positive ion

CH = ortho-chleoranil

CH9= ortho~chloranil negstive ion-radical

CHen ortho~chloranil double negative ion



LEGENRS FOR FIGURES

Fig. 1 Schematlc representation of slectronic energy levels 15 isolated
molecules (a) and molecular crystals (b). G = ground state;
8 = exclted singlet states; T = excited triplet states. The
energy acale ig distorted 8o as to show more.clearly the phenoimens

of execiton band splitting end the occurrence of an lonization limit.

Fig. 2: Rise and decay curves ror Light-induced £SR signals in spinach

chioroplasts &t 25°%C and —lSOOC;

Fige 33 Decay curves of luminescesce emission in Chlorells and apinach

ehloroplasts at 21°C ana -1565°C.
Fige. +: OEchemmtic dlagram of sample ceils used in conductivity messurements.

Fig. 5: Vafiation of dark conductivity snd eteady—stat¢ photoconduetivity

of metal-{ree phthalocyanine with amount of added ortho-chloranil.

Fig. O3 Effect of {llwamination with white light on the ESR signal in ortho-

chiloranil-metal-free phthelocyanine Jjunctions.

Fige 7t Schewatic dlagram of hypothetical photoazynthetic gquantun conversion
process. A = electroa scesptor, ROH = water or other hydroxylated

specles.



This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission"” includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.








