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ABSTRACT

Photoinduced electron transfer from eleven metallochlorophyll a (M-Chl a)
monolayers to a Sn0, substrate was investigated photoelectrochemically. Six M-
Chlas [M=Pd(II), Cu(II), Hg(II), H,(II), Mg(Il), and Zn(II)] gave measurable
photoeffects. For the latter three pigments, two-dimensional dilution of the
monolayer led to an enhancement of the photocurrent guantum yield. The highest
quantum yield was attained with Mg-Chla at sufficient dilution. Five M-Chl as
[M=Ni(II), Co(II}, Ag(II), Mn(III), and Fe(I1I)] showed no photoresponse, due
probably to a rapid intramolecular deactivation of the excited state. Some
kinetic aspects of the interfacial photoprocess were clarified by experiments
with mixed monolayers composed of a photoactive M-Chl a and photo-inactive Ni-
Chl a (quencher).

INTRODUCTION

In the primary process of green plant photosynthesis, solar enerqgy is absorbed
by the so-called antenna pigment system and is then channelled to the as yet un-
identified reaction center, where charge separation takes place with a guantum
yield reaching unity. The main component of both the antenna system and the
reaction center is chlorophyll (Chl) a, which is a magnesium complex of substi-
tuted chlorin macrocycle. To date, the role of the central Mg atom in driving
photosynthesis has not been thoroughly clarified. In view of this, it is of
much interest to systematically compare the photoredox propertiés, as well as
other physicochemical properties, of a series of metallochlorophylls* (M-Chls).

Several workers have studied M-Chls so far. But these studies were mainly in
connection with metallation-demetallation kinetics (refs. 1 and 2), identifica-
tion of the formation pathway of metal complexes found in fossil fuels (ref. 3),
or pigment alteration during vegetable processing (ref. 4). Thus, as far as we
are aware, the photophysical and redox characteristics of M-Chls have not been

* We prefer the term "metallochlorophylls" to a more strict term "metalldpheo-
phytins" (pheophytin = metal-ffee Chl) because the naturally occurring Chla is
often called Mg-Chla. 1In this context the pheophytin a itself is referred to
as H,-Chl 5.
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reported.

In photosynthetic apparatus the Chl molecules are supposed to exist in the
form of organized assemblies. Such molecular assemblies are constructed through
interactions of neighboring Chl molecules via the peripheral substituents on the
chlerin ring (in particular, the two carbonyl groups on the cyclopentanone ring.
cf. Fig. 1) as well as the central Mg atom (ref. 5). In order to extract useful
information on the in vivo function of Mg from in vitro experiments with M-Chls,
it is hence essential to prepare M-Chl samples by keeping intact the whole molec-
ular structure except for the central metal. However, the peripheral substitu-
ents of M-Chls are fairly labile; they tend to undergo various alterations de-
pending on the chemical environment and temperature (ref. 6), and yet most of
such altered products are hardly distinguishable from the genuine M-Chl by simple
visible absorptioh spectroscopy. For instance, our attempt (ref. 7) to synthe-
size Pd-Chla by a reaction of Hz—Chl a with PdCl2 in deoxygenated glacial acetic
acid at 60 °C for 36h gave (as verified by HPLC analysis) a mixture of at least
ten different compounds. The mixture did not contain the authentic Pd-Chl a any
more, but exhibited an absorption spectrum practically identical with that of
Pd-Chl 2 prepared under much milder conditions. Previous authors occasionally
prepared M-Chls by solution phase reaction under boiling (refs. 3 and 8); hence
the purity (in the sense of molecular integrity) of their samples is somewhat
questionable.

In the present work we compared the efficiencies of photoinduced electron

transfer from eleven M-Chl as to the conduction band of Sn02 in an electrochemical
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Fig. 1 Structural formula for a M-Chla. For a trivalent M, an anion (chloride
or acetate) is attached to fulfill the electrical neutrality.
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system. The molecular integrity of M-Chla samples was assured rigorously. By
depositing M-Chla on a Sn(]2 electrode by means of the Langmuir-Blodgett tech-
nique to obtain a monomolecular layer with controlled orientation and intermolec-
ular separation, anodic photocurrents were measured by visible excitation of the
deposited monolayer. This experiment could therefore place the naturally occur-
ring Mg-Chl a among a series of M-Chl as with respect to the electron-releasing
capability at the excited state. It is also expected that a systematic compari-
son between the photoelectrochemical activity and the physicochemical properties
of M-Chl as could provide a clue for devising an artificial system for solar

energy conversion.

EXPERIMENTAL

Sample Preparation

M-Chl as were synthesized by metallation of pheophytin a (HZ—Chla) with metal
salts (chloride or acetate) in glacial acetic acid or ethanol at room tempera-
ture. The products were purified by preparative-scale high-performance liquid
chromatography (HPLC}, and their molecular integrity was confirmed by elemental
analysis. The details for the synthetic procedure will be described elsewhere
(ref. 7). Of the fifteen M-Chl as thus synthesized, eleven [M =HZ(II), Mg(1I),
Mn(III), Fe(III), Co(I1), Ni(IL), Cu(II), Zn(II), Pd(II), Ag(II), and Hg(II)]

were employed in the present photoelectrochemical measurements.

Physicochemical Characterization of M-Chl as

The M-Chl as thus prepared have been characterized for visible absorption and
fluorescence (ref. 7), phosphorescence (ref. 8), electrochemical and spectro-

electrochemical properties (ref. 9), and intermolecular aggregation behaviors
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Fig. 2 Schematic illustration of the photoelectrochemical measurement setup.
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(ref. 10). The results of these characterizations, though they still remain to

be published, will be mentioned in relevant parts belcw.

Deposition of Monomolecular |ayers

A monomolecular layer of M-Chl a was deposited on a 3 x3 cm SnD2 electrode by
means of the Langmuir-Blodgett method (refs. 11 and 12). The electrode was made
of a l-mm thick glass plate carrying a SnU2 film, the thickness of which is
2000 A unless otherwise noted. It is supposed that within a M-Chl a monolayer
the hydrophilic moieties (a keto carbonyl and two ester carbonyls, see Fig. 1)
in the molecule are attached to the hydrophilic SnO2 surface and that the hydro-
phobic phytyl chain and chlorin ring direct themselves ocutward from the surface.
The surface pressure during deposition was requlated to 20 dynescm_l in all
cases. In experiments with controlled surface concentration of M-Chl a, di-
palmitoyl L-a-phosphatidylicholine (or dipalmitoyl lecithin, DPL) was used as a

two-dimensional diluent.

Photoelectrochemical Measurements

Figure 2 schematically shows the experimental setup for photocurrent measure-
ments. The working electrode is a M-Chl a-deposited SnU2 plate attached as a
window of the electrochemical cell. The electrode potential is set at a value
giving a maximum anodie photocurrent, and is in a range frem +0.05 to +0.1 V vs.
SCE (saturated calomel electrode, used as reference) for most M-Chl as. Light
from a 500-W xenon arc lamp passes successively through a water filter for IR
removal and a grating monochromator and excites the M-Chl a monolayer in contact
with an electrolyte solution. The latter contains 0.1 M NaZSDa as a supporting
electrolyte and 0.05 M hydroquinone as a reducing agent (to prevent oxidative
degradation of M-Chla), and is flushed with deoxygenated nitrogen gas to remove
dissolved oxygen. The quantum yield of anodic photocurrent is calculated on the
basis aof the number of photons absorbed by the M-Chl a mondlayer, which in turn
is obtained from the measured incident photon flux and the absorbance of the

monolayer.

RESULTS AND DISCUSSION

Monomolecular Layer Formation

All the eleven M-Chl as formed a well-behaved monomolecular layer on the Sn02
substrate, with an F(surface pressure) - 2(area per molecule) curve similar to
that of Mg-Chla reported previously (ref. 12). Qualitatively this assures the
presence of the phytyl chain in the molecule, because otherwise the state of
packing of -the monolayer would undergo a drastic change. As an example, the vis-
ible absorption spectrum of a Cu-Chla moﬁolayer is given in Fig. 3. (To avoid
absorption by SnD2 in the near-W, a Pyrex glass is used here as the substrate.)

The red absorption peak shaws a slight bathochromic shift from 551 nm in acetone
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Fig. 3 Absorption spectrum of a Cu-Chl a monomolecular layer.

to 665 nm on the SnO2 surface. The absorbance at the red peak (0.006) corre-
sponds to a surface concentration of 5.6 x lU13 moleculesxf.‘m_2 under the assump-
tion that the molar absorption coefficient of Cu-Chl a be common in acetone

(64200 M_lcm—l) and at the adsorbed state.

Anodic Photocurrent Quantum Yields for M-Chl a Compact Monolayers

The M-Chl a monolayers deposited at a surface pressure of 20 dynes cm—l are in
a highly packed state, with an average intermolecular separation of 7- 10 R. of
the eleven M-Chl as examined, only six (M =Pd, Cu, Hg, H2, Mg, and Zn) gave
anodic photocurrents by visible excitation under these conditions. In what fol-
lows, the anodic photocurrent observed by M-Chl a excitation is referred to as
the sensitized phatocurrent, is. Further, the photocurrent quantum yield Qs is
defined by the ratio of the number of electrons flowing in the external circuit
to the number of photons absorbed by M-Chl a monolayer at the red absorption peak.

Figure 4 shows the action spectra of i for the six (sensitizing) M-Chl as.
The shape of each action spectrum generally coincided with that of the absorption
spectrum of the monolayer. The peak positions are slightly red-shifted from the
absorption peaks in acetone solutions (631 nm for Pd-Chl a, 651 nm fof Cu-Chl a,
678 nm for Hg-Chl a, 668 nm for HZ—Chl a, 663 nm for Mg-Chl a, and 655 nm for Zn-
Chla. ref. 7). In Fig. 4 the level of iS has been corrected for (a) the spec-
tral intensity distribution of the light source and (b) the absorbance at the
red maximum of each M-Chl a monoclayer. Hence the height of the peaks gives the
relative values of the quantum yield QS. The classification of the six M-Chl as
into two groups in Fig. 4 is based on the difference in photophysical and inter-
molecular aggregation characteristics, which in turn are reflected by the differ-
ence in the behavior of ¢S by two-dimensional dilution of the monolayer, as will

be explained later.
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Fig. 4 Action spectra for the anodic photocurrent observed at M-Chl a compact
monolayer / 5n0, interfaces. The peak height represents the relative
quantum yield. The lower three curves are fourfold magnified. ‘
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Fig. 5 ODiagram showing the photocurrent quantum yield ®&s and the energetic con-
ditions at M-Chla /Sn0, interfaces. E(P/Pt), E(lP*/P‘!'), and E(BP*/PT)
are the oxidation (electron-releasing) redox potentials at the ground
state, singlet excited state, and triplet excited state, respectively.
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In Fig. 5, the absolute values of QS for compact monolayers of the six M-Chlas
are presented in compariscn with the M-Chla / Snl]2 interfacial energetics. The
level of the conduction band (CB) edge of the SnO2 electrode (-0.25 V vs. SCE)
was determined by measurements of interfacial capacitance in an electrolyte so-
lution of pH 7.0 (ref. 12). The E(P/PT) levels are the reversible oxidation po-
tentials of ground-state M-Chl as obtained by cyclic voltammetry in organic sal-
vents (ref. 9). Shifting the E(P/P*) levels vertically by the singlet excitation
energy (midpoint energy between the absorption and fluorescence maxima, ref. 7)
or by the triplet excitation energy (phosphorescence peak energy, ref. 8) gives
E(lp*/pt) or E(3P*/P?) levels, respectively. For non-fluorescent Cu-Chla and
Hg-Chl a, the red absorption peak energy was used as the singlet excitation ener-
gy: It is seen that the energetic requirements for electron transfer from either
the singlet or triplet excited state to the conduction band of Sn[]2 are fulfilled
for all the six M-Chlas. A simple energetic consideration would predict a
highér value of @S for a M-Chl a having more negative redox levels. However, the
order of @S does not parallel that of the energetic position of M-Chl a excited
levels.

In this context we note that a fairly good parallelism exists between the @s
and the E(P/Pt) level for a total of eight M-TPPs (TPP = tetraphenylporphyrin) at
an Al/TPP interface, as reported by Kampas et al. (ref. 13). An essential dif-
ference between M-Chlas and the artificial M-TPPs is that the latter compounds
lack peripheral substituents which could lead to strong coordination interactions
between neighboring molecules. Therefore, the cause for the absence of a direct
correlation between Qs and energy levels should be sought in intermolecular inter-
actions within the M-Chl a monolayers.

As mentioned above, each M-Chl a has an adjacent molecule at a distance of 7 -
10R in a compact monclayer. If the M-Chl 2 molecule is fluorescent, we could
expect the occurrence of a very efficient singlet-singlet excitation energy mi-
gration within the monolayer according to the F8rster resonance mechanism. Exci-
tation energy migration per se, however, does not influence the net efficiency of
electron injection into the conduction band of the substrate. The situation
could change drastically if the M-Chl a molecules form dimers or aggregates, since
aggregated states generally (1) show higher rates of intramolecular deactivation
of the excitation energy due to increased number of vibrational modes and (2) ab-
sorb at longer wavelengths than monomers. Thus aggregates tend to act as energy
traps in the monolayer. These considerations point to the importance of two para-
meters, namely the fluorescence properties and aggregation behaviors of M-Chl as,
in determining the value of ¢S at the M—Chla/SnO2 interface.

Physicochemical characterization of M-Chl as (refs. 7 and 10) gave the follow-
ing results. Mg-, Zn-, and Hz-Chla are highly fluorescent, with a fluorescence

quantum yield o (measured in deoxygenated benzene) ranging from 0.23 to 0.30.
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Pd-Chl a is weakly fluorescent (@F =0.0025), and other M-Chl as are essentially
non-fluorescent. Aggregation behaviors of M-Chl as were evaluated following a
procedure described by Uehara et al. (ref. 14). Thus, M-Chl 2 was solubilized in
an aqueous solution containing 0.1 wt.% poly{(vinyl alcohol) and the evolution of
visible absorption spectrum was measured. Mg- and Zn-Chl a seemed to form large
aggregates, characterized by the appearance of a new absorption peak at respec-
tively 735 and 726 nm, which are red-shifted by as much as 60 nm from the mono-
mer absorption peaks. Judging from a difference in the velocity of the spectral
change, the aggregation tendency of Zn-Chl a is much higher than that of Mg-Chl a.
HZ- and Ag-Chl a exhibited a 10-nm bathochromic shift which was completed in ca.

90 and 400 min, respectively. This is suggestive of the formation of m-dimers.
For Cu-, Co-, and Ni-Chl a, a new peak or shoulder appeared at wavelengths in a

range of 680-700 nm, passibly reflecting the formation of dimers or trimers. In
these cases the spectral change was extremely slow, and was barely detectable in
1-Zh. These three M-Chl as can thus be regarded as non-aggregating during the
photocurrent measurements. Finally, Pd-, Hg-, and Mn-Chl a showed no trend to-
ward dimerization or aggregation in a time range of 7-8h.
These results reveal a significant influence of the central metal on the photo-

physical properties and intermolecular coordination interactions of M-Chl as. On
this basis, we could classify the six sensitizing M-Chl as (Figs. 4 and 5) into

two groups:

Group I : Mg-, Zn-, and H2—Chl a, which are strongly fluorescent and, at

the same time, possess a high tendency toward aggregation.

Group II: Cu- and Hg-Chl a, which are neither fluorescent nor aggregating,

and Pd—Chla, which is weakly fluorescent but non-aggregating.

According to the foregoing arguments, the ¢s value for Group I M-Chl as should
be lowered due to the occurrence of enerqgy transfer, accompanied by energy trap-
ping at dimer or aggregate sites present in a compact monolayer. The relatively
low values for Mg-, Zn-, and HZ-Chla ocbserved experimentally (Fig. 5) could be
rationalized in this way.

Concerning the so-called antenna ar light-harvesting pigment system in plant
photosynthesis, it is supposed that a highly efficient F8rster-type enerqy trans-
fer takes place to channel the absorbed light energy to reaction centers. Never-
theless, the quantum yield for the initial charge separation in vive is nearly
100%. Thig.strongly indicates the presence of some particular arrangement of

antenna Mg-Chl a molecules such that the intermolecular aggregation is effectively
hindered.

Dependence of the Photocurrent Quantum Yield on M-Chl a Surface Concentration

By using DPL as a two-dimensional diluent of the monolayer, the value of o
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Fig. 6 Dependence of the photocurrent quantum yield <I>S on the surface concentra-
tion of M-Chl a, [M-Chlal,

has been measured as a function of M-Chl a surface concentration. The results

are displayed in fig. 6. The right-hand end [(5-8) x 1013 molecules cm_z] corre-
sponds to the compact monolayer. Owing to a difficulty in recording the mono-

layer absorbance, the measurements were limited to surface concentrations higher
than 2 x 1012 malecules cm_z. Figure 6A clearly shows that, for Group I M-Chl as
(see above), dilution of the monolayer leads to an enhancement of the photocur-
rent quantum yield. Thisbehavior is understood by invoking a decrease in both

aggregation and energy transfer with increasing intermolecular separation. At



216

13

surface concentrations above 3x 107~ melecules cmuz, dimers or small aggregates

are most probably the dominant species for these three M-Chl as. The tenfold in-
crease in the ¢S value of Mg-Chla in going from 2 xlO13 to 3 x 1012 molecules
crn—2 may hence indicate the occurrence of dimer — monomer conversion in this
concentration range. The Qs values for HZ- and Zn-Chl a tend to increase only
slowly by two-dimensional dilution. This may reflect the stronger intermolecular
association capabilities of these pigments (see above) as compared with Mg-Chl a.
That this slow increase in @S comes indeed from disaggregation, is verified by a
gradual shift of the photocurrent peak wavelength of H2—Chla as a function of

- 13
surface concentration {(in moleculescm 2): 683 nm at 7.9 x107", 680 nm at 6.8 x

10Y2, 678 om at 3.2x 1022, and 675 rm at 1.3x 107,

For Group II M-Chlas (Fig. 6B), the @S value does not depend noticeably on
the surface concentration, as expected from the foregoing arguments. The non-
fluorescent Cu- and Hg-Chl & are supposed to inject an electron to the CB of SnU2
from the triplet excited state. For Pd-Chl a, the fluorescence emission rate con-
stant kf is estimated to be about 2x lUlD s—l from the observed fluorescence
quantum yield (0.0025) and the calculated natural fluorescence lifetime of Chla
{20 ns). Therefore, depending on the rate constant for electron transfer, Pd-
Chl a could inject an electron to SnO2 from either singlet or triplet excited

state. This point will be discussed later.

Deactivation Pathways at the M-Chl a/Sn0, Interface

The values of @S observed at M-Chl a /SnD2 interfaces are fairly low, the max-
imum being 5-8% for a sufficiently dilute Mg-Chl a manolayer (Fig. 6A}. This
points to the presence of an efficient route to deactivation. [We must admit
that the high Qs values reported in a preliminary account of this work (ref. 15)
resulted from some errors in caleculation.] Since the energetic conditions are
quite favorable for electron transfer at the interface (Fig. 5), we suppose that
whereas the initial electron injection into Sn[]2 is a very efficient process, the
injected electron recombines rapidly back with the M-Chl a cation radical before
the latter is reduced by hydroquinone added in the electrolyte solution. The
rate of such a recombination will depend strongly on the nature of the space
charge layer (SCL) of the Sn0, surface, where the electron finds itself just
after injection.

In most experiments we used a glass plate carrying a 2000-3 thick SnO2 film as
the working electrode. The film thickness may not be uniform over the entire 3 x
3 cm area. Although the thickness of the SCL is typically 10-20 K for the Sn02
electrode employed (ref. 12), it may happen that the thickness of a part of the
fFilm is not enough to sustain the whole SCL if the average Sn02 film thickness
is too small. Such a situation would lead to lowering of @S. To check for this

possibility, we measured the ¢s value for a compact monolayer of Cu-Chla depos-
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Fig. 7 Dependence of the photocurrent quantum yield ¢s on the Sn0, film thick-
ness for a Cu-Chla compact monolayer.

ited on 500, 1000, 2000, and BUOOMR thick SnD2 electrodes. The result, depicted
in Fig. 7, indicates thi} the SnDZ thickness is not rate-determining at thick-
nesses larger than 1000A. (The significantly low quantum yield observed at a
SUD—K thick electrode may be, as stated above, due to a non-uniformity of the
SnU2 film.) Anather, probably more important factor affecting the net quantum
yield is the potential gradient within the SCL, which in turn is controlled by
the doping level of the semiconductor. A recent work (ref. 16) indeed demon-
strates a drastic effect of the electrode donor density on the @S value for sen-
sitization of SnO2 electrodes with synthetic dyes, Rhodamine B and Rose Bengal.
Therefore, we could expect that the @S value for the M-Chl a /SnO2 interfaces also

would be considerably enhanced by controlling the. doping level of the SnD2 elec-
trode.

Non-Sensitizing M-Chl as

0f the eleven M-Chl as examined, Ni-, Co-, Ag-, Mn-, and Fe-Chl a gave no sen-
sitized photocurrent on the SnU2 electrode. This was true for both compact and
diluted monolayers. As far as the optical absorption property is concerned, no
anomaly is noted for these five pigments. For example, both the "sensitizing"
Cu-Chl a and "non-sensitizing™ Ag-Chl a possess quite similar absorption spectra
characteristic of the 7-1 * transition within the chlorin macrocycle, as shown in
Fig. 8. The five non-sensitizing M-Chl as are totally non-fluorescent, but this
property cannqt be related to the inability of photcinduced electron transfer
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Fig. 8 Visible absorption spectra of Cu-~ and Ag-Chl a in acetone.
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Fig. 9 Redox potentials of four non-sensitizing M-Chl as determined by cyclic
voltammetry in butyronitrile (ref. 9). The lettered levels represent
redox reactions of the central metal ions. The levels denoted TPP are
the corresponding redox levels for M-tetraphenylporphyrins (ref. 18).
Ag(II)-Chla undergoes demetallation on Ag(II)» Ag(I) reduction (ref. 9);
hence the two dashed reduction levels are the first and second reduction
potentials for the chlorin ring of H,-Chl a.

since non-fluorescent Cu- and Hg-Chl a are fairly good sensitizers.
Spectroelectrochemical characterization of M-Chl as (ref. 9) has brought to

light an interesting feature common to all the non-sensitizing M-Chl as. The
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method consists of examining, based on the criteria established empirically for
a series of metalloporphyrins (refs. 17 and 18), the pattern of spectral change
upon oxidation or reduction of M-Chlas by means of the thin-layer electrolysis
technique (refs. 19 and 20). The results gave clear evidence that the five non-
sensitizing M-Chl as exhibit redox reactions of the central metal ion in a fairly
mild potential range, as illustrated in Fig. 9. (Fe-Chla, not shown here, also
possesses a redox wave corresponding to the Fe(II)/Fe(III) interconversion.) In
sharp contrast, the six sensitizing M-Chl as (Fig. 5) undergo redox reactions ‘ex-
clusively on the chlorin macrocycle. The ease, in the five non-sensitizing M-
Chl as, of the metal redox reaction would lead to an efficient electron exchange
between the central metal ion and the m-m* excited chlorin ring. We therefore
suppose that the non-sensitizing property of Ni-, Co-, Ag-, Mn-, and Fe-Chl a re-
sults from a very rapid quenching of the m-m* excited state via an intramolecular
charge-transfer process. Ancther possibility may be the quenching of the m-m*
excited state through intramolecular energy transfer to low-lying d-d levels of
the central metal ion. The occurrence of an extremely fast nonradiative decay in
a Ni-porphyrin has indeed been demonstrated by Kobayashi et al. (ref. 21), who
observed that the singlet excitedstate of Ni-protoporphyrin IX dimethyl ester is
gquenched intramolecularly with a time constant of 10 + 2 ps.

It would be of much interest to examine, in future investigations, whether the
five M-Chl as are photoactive or not in other photochemical systems (e.g., a pho-

tocatalytic system using a molecular donor or acceptor).

A Kinetic Study with Mixed M-Chl a Monolayers

The five non-sensitizing M-Chl as behave quite normal with respect to monoclayer
formation as well as optical absorption characteristics. We can thus prepare a
Z—Chl a
on the SnD2 substrate. If an energy transfer takes place from excited Ml-Chl a to
ground-state MZ—Chl a, the net photocurrent quantum yield @s will decrease due to

a rapid energy degradation within the M

mixed monolayer composed of a sensitizing Ml—Chl a and a nan-sensitizing M

Z—Chl a molecule. A close examination of
such a quenching behavior will provide useful information regarding the kinetic
features of the interfacial photoprocess.

A typical example demonstrating the occurrence of photocurrent quenching is
depicted in Fig. 10. The open circle represents the sensitized photocurrent at a
5n02 electrode coated with Pd-Chl a alone, and the filled circle represents that
at a SnD2 electrode coated with a mixture of Pd-Chl 2 and Ni-Chl a. The heights
of the 640-nm photocurrent maxima give relative quantum yields. It is readily
seen that the coexistence of Ni-Chl z has significantly quenched- the Pd-Chl a -
sensitized photocurrent.

In what follows the results of such quenching experiments, in which Cu-, Pd-,

and Mg-Chl a are used as M,-Chl a (sensitizer) and Ni-Chla as M,-Chl a (guencher),
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Fig. 10 Sensitized photocurrent spectra at Sn0, electrodes coated with a Pd-
Chl a monolayer ({Pd-Chl a]s =5.0x l[]l3 molecules cm—z, adjusted with
DPL) (o), and with a Pd-Chla /Ni-Chl a mixed monolayer ({Pd-Chl a]s =

[Ni-Chi a]S =4.72 x 10%° molecules Cm_z) (e).

are presented briefly. To study the dependence of the guenching effect on the
sensitizer - quencher separation, the surface concentration was varied by use of
DPL as & diluent. In each measurement, the ratio of surface population
[Ml-Chla]S/[Mz—Chl al_ was adjusted to 1.0.

Cu-Chl a. The Cu-Chl a - sensitized photocurrent is suppressed by the presence
of Ni-Chla in the monolayer, as shown in Fig. 11. Since Cu-Chl a appears to in-
ject an electron into Sn02 from the triplet excited state (see above), we suppose
that the latter state is quenched by Ni-Chla via triplet-triplet energy transfer.
Denoting Cu-Chla and Ni-Chl a by P and Q, respectively, the frllowing schemes

are assumed for the interfacial photoprocess:

P+ hy—» Ipx —» Ppx (excitation and intersystem crossing) (1)
30 kg o L

Px —=» P, + e (electron transfer into SnOz) (2)
3. Ky

pPx —=» P (deactivation) (3)
3

P¥ + Q —» P + }Q* — P + Q (energy transfer quenching) ()

The rate constant for process (4) is assumed to have a simple form (ref. 22)
erxp(-bd), where d {(cm) is the average intermolecular distance and b is a con-

stant. The value of d is related to C, the Cu-Chl a surface concentration (in
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Fig. 11 Photocurrent quantum yield (¢ ) vs. surface concentration ([M-Chl a] )

profiles for Cu-, Pd-, and Mg2Chla monolayers in the absence (o)
presence (e) of added Ni-Chla to a 1:1 molar ratio.
notes the surface concentration of a sensitizing M-Chla alone.

and

The abscissa de-
For Pd-

Chla, the solid curve through the filled circles is drawn by assuming
triplet-triplet quenching, and the dashed curve represents singlet-

singlet quenching.

moleculescm-z), by the equation:

2

2md“c =1

(5)

The factor 2 comes from the fact that the total pigment concentration is twice

the sensitizer concentration. Under these assumptions the photocurrent quantum

yield ¢é is given by
o, =k / [kS + Ky + erxp(-b,/JZHC ]
or

k
=-2__ 8 4 Egexp(—b/JiFE)
s

(6)

(7

The value of ®s in the absence of Ni-Chla is 0.035, hence (kg +kg)/kg = 2B.6, or
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kd/ks= 27.6. A computer simulation of the quenching data in Fig. 11 by means of
eq. (7) gives a best-fit curve with the following values: kQ/ks= 0.308 and b=
1.06x 107 en L.

Pd-Chla. Since Pd-Chl a is, though only weakly, fluorescent, both the triplef
-triplet and singlet-singlet mechanisms can be envisaged for the photocurrent
quenching by Ni-Chla. At present we are unable to distinguish between these two
possibilities. In case where the triplet mechanism is assumed, we can treat the
quenching data again in terms of eq. (7) and obtain a simulated curve (solid
curﬁf thgéugh filled circles in Fig. 11) with parameters kQ/kS: 1.20 and b =1.71
x10" cm ~.

In the case of singlet-singlet (F#rster) gquenching, processes (1) - (4) are re-

placed by

P+ hv —s> 1px (excitation) (8)
lpx —8s pt 4 o™ (electron injection) (9)
1 kd

p* —> P (deactivation) (18)
1 ken 1

P* + Q —> P + Q* —= P + Q (quenching) 11

A difficulty arises in evaluating the rate constant ken»for process (11).
The decay profile D(t) of an excited singlet state in the presence of two-dimen-

sional F8rster-type energy transfer (ref. 23) is given by

p(t) = expl- = - 1) 2 (—£)172 (12)
f 0 f

where F(%): 1.354, Te (= l/kf) is the fluorescence lifetime in the absence of
energy transfer, n the surface concentration (moleculescm—z) of the acceptor,

and ng the critical surface concentration of the acceptor defined by
TR "n =1 _ (13)

Here R is the critical distance (em) for lox — Q energy transfer. Thus, k.

in process (11) cannot be uniquely determined. To overcome this difficulty, we
use a farmalism for fluorescence quantum yield. If we denote the fluorescence
quantum yield in the presence and absence of energy transfer gquenching by ¢F and
¢F°’ respectively, the following equation should hold:

0./0.° = J‘:’D(t)dt/ffexp(-thf) dt (14)
=1- ofjexp(—u} - cu)du (15)
with
2. n
C = F('B—)n— (16)

a
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We then approximate eq. (15) formally by

o /®

¢ fﬂ = kf/ (kF + ken) (18)

_]_)-

From the fluorescence spectrum of Pd-Chl a and absorption spectrum of Ni-Chl a

to define a time-averaged energy transfer rate constant, ken (s

(measured in acetone) we evaluate R to be 2.2 x 10 cm, corresponding to n =
6.6x lD moleculescm 2. At an arbltrary Ni-Chl a surface cancentration », 0 is
obtained from eq. (16). Then eq. (15) is numerically solved to obtain a value
of ®_/¢_9, which in turn gives a formal value of ken DY Q- (18) using ke = 2x

f
1010 -1 (see above). The dashed curve in Fig. 11 represents the photocurrent

@:ks/(ks+k+k ) (19)

with k__ evaluated as described above as a function of [Ni—Chla]S (= [Pd-Chla]S).
As a result of this procedure, the value of k (rate constant for electron injec-
tion from the 51nglet excited state of Pd- Chla into the CB of SnD ) was obtained
to be 1.6x 10° s~ L.

In the analysis described above, the’values used as RO and kf are those esti-
mated from the optical dataacquired in organic solutions. For a more reliable

treatment these should be measured directly at the adsorbed state.

Mg-Chl a. The photocurrent quantum yield @S for the Mg-Chl a monolayer con-
taining Ni-€Chla exhibits a rather complicated dependence on the surface concen-
tration, in constrast to a monotonic change observed in cases of Cu-Chl a and Pd-
Chle (Fig. 11). At concentrations near the compact monolayer (right-hand end of
Fig. 11), the Qs for the mixed monolayer is at a level close to that of ®S in the
absence of Ni-Chla. Qualitatively this is understood by assuming that an energy
transfer from Mg-Chl a dimers, supposed to exist predominantly at higher surface
concentrations, to the guencher (Ni-Chla) is very inefficient. Dimers absorb at
longer wavelengths and are much less fluorescent than the monomer; this would
result in a decreased probability of the F8rster-type energy transfer to Ni-Chl a.
With decreasing [Mg—Chla] , the @ value in the presence of Ni-Chl a tends to de-
crease to reach a minimum Value oF 0.002 at [Mg- Chla] = 7 x1002 molecules cm™ 2
Such a decrease comes most probably from an 1ncre351ng fraction of the manomeric
Mg-Chl a, whose singlet excited state can be quenched efficiently via a F8rster
energy transfer to Ni-Chla. On further dilution of the monolayer, the @S value
shows an increase toward the non-quenched level, due to an increase in the Mg-
Chl a -Ni-Chl 2 intermolecular separation.

A guantitative analysis of the quenching data for the Mg-Chla + Ni-Chl a mixed
monclayer / SnD2 system is currently in progress, and the result will be reported

elsewhere (ref. 24).
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CONCLUDING REMARKS

Our results show that Mg-Chla, among a series of M-Chl as, has the highest
ability of electron releasing from the singlet excited state if gquenching proc-
esses are effectively suppressed. This property appears essential for the ini-
tial event at the reaction center, which has to transfer an electron over a dis-
tance of about 50 R (from the inner to outer side of the thylakoid membrane) at

the expense of an energy loss of as much as 0.8 eV (ref. 25).
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