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Abstract

Artificial deviées'that mimic the photosynthetic pathway are of
interest as a fuel source. A basic concept in the design of such devices
is the use of dyes to photosensitize electron transfer reactioné that
produce chemical species capable of oxidizing and reducing water. A
fundament&] limitation accompanying the photodécompositjon of water in-
volves back reactions of the'intermediary.redox~species, whereby the
potential energy of the photochemical process is degraded. The introduc-

“tion of interfaces as kinetic barriers to overcome this limitation is
discussed. One typé of interface is generated with water-in-0il micro-
emulsions. A photo-induced transfer of electrons and protons from ihe
aqueous phase to the-brganic phase of a water-in-0i1 microemulsion is
sensitized by the tris(2,2'-bipyridine)Ru(2+) complex. EDTA dissolved

in the équeous compartments is oxidized‘add dimethylamino-azobenzene
dissolved in the continuous 0il phase is reduced.~ The electron transfer
process is mediated by benzylnicotinamide, an acceptor located at the
interface of the system. The second type of interface discussed is
generated with 1ipid bilayer membrane vesicles. An amphiphilic tris(2,2'-
bipyridine)Ru(2+) complex that is incorporated into the walls of phospho-
lipid vesicles photosensitizes the oxidation of EDTA dissolved in the inner
aqueous compartments'of thevveéic1e suspenéion and the reducion of vio-
logens dissolved in the continuous aquéous phase. Intentionally added
membrane-bound -electron and proton carrfers are not required for electron
transport across the vesicle wal]s;.vMechanisms_for electron transport

are considered.



The photoinduced decomposition of water by using suitable redox
catalysts needs further development. The reduction of water to produce
H2 is established; however, the complimentary oxidation of water to 02
is more difficult due to the need for a multistep electron transfef
process. A cycle that ihyo]ves the partial oxidation of water with the
concomitant production of H2 is presented. In this cycle, the oxidation
of water is photosensitized by a manganese complex. The possibilities
of uti]izind the cycle for pr;duction of useful chemicals or oxygen in

secondary reactions are described.

ii



Devices that mimic the natural photosynthetic pathway are of con-
siderable interest as fuel sources (1-4). The net reaction in the photo-
synthetic pathway of green plants is the production of carbohydrates and
oxygen from water and carbon Qioxide using visible 1ight energy (Eq. 1).
However, photosynthegfs is aA;omp]ex process of succeséive and simul-
taneous events (5-8). Basically, we might divide thé_process into the
photochemical events during which quantum conversion of solar to chemical

hv -

energy occurs, foi]owed by a series of dark reactions. Although we do
nof know the_fine details of the'quantdm conversion'pért, we do know that
it involves two photoéctive sites: photosystem I and photosystem II
(Z-scheme, Figure 1). In photosystem 11 the excited pigment transfers an
electron to a chain of electron traps (including p%astoquinone, cyto-
chrome f, etc.), leaving behind an electron "hole." The oxidized species
thus formed ultimately oxidizes water to oxygen, presumably through the
mediation of a catalyst fhat accumulates oxidiiing equivalents. In'turn,
in photosystem I, the‘extited pigment transfers an_e]ectrOn to a second
é]ectron trap, while é]ectrons from trap Il are supplied to the electron
deficient pigment of photosystem I. The e]ectron$ trapped in photosystem
I are used for successive reduction of ferredoxin and NADP (nicotinamide
adenine dinucleotide phosphate) (6-8). The reduced NADP initiates a set
of dark reactions, namely the Calvin cycle, in which CO2 is reduced to

“carbohydrates (5). Photosystem Il represents the net oxidation of water



to molecular oxygen (Eq. 2). In turn, the reducing power introduced
into photosystem I coincides with the electrochemical potential of the
redox couple H+/H2 at pH 7 (the standard electrochemical-reduction
potential of ferredoxin is about -0.4 vs. NHE). Hence, from a thermo-
dynamic point of view the achievement of green plants in reducing
ferredoxin is equivalent to the production of molecular hydrogen (Eq.
3). Therefore, the primary events of photosynthesis are equivalent in
their redox proeprties to deébmposition of water with the creation of a

~ potential fue] (hydrogen)(Eq. 4).

H0 1720, + 24" + 2% R [2]
at+ e ey, ‘ | [3]
HO Ny 1720, + K, 86° = 57 keal  [4]

* We are attempting to design synthetic devices for fuel productfon
that simulate photosynthetic quantum conversion to the extent that water
is decomposed, with the adVantagé (compared to green p]anté) that energy
requfrements for other life processes are absent. A basic prinéip]e in
photosynthesis is photosensitized e]ecfron transfer (9). Therefore, the
synthetic system (Fig. 2) includes a sensitizer(s) that mimics the func-
tion of chlorophy]i. The photoexcited sensitizer transfers an electron
to an acceptor (A).to yield a reduced species, A. The oxidized sensi-
tizer thus formed oxidizes a donor compound (D), whiie the sénsitizer
is . regenerated. The reduced acceptor (A') and oxidized donor (D+) are
selected so that, thermodynamica]]y, they are capable of reducing and

oxidizing water to hydrogen and oxygen respectively (eventually by in-



cluding further catalysts or mediating agents) (2-4). In this way the
acceptor and donor agents are recycledandall the components of the
. system, except wafer, are catalytic. This schematic presentation shows
the essential continuous operation of the artificial device whereby an
"uphill" reaétion generating a "fuel" is driven by visible light.
However, the practical application of this idea suffers from basic
]imitatiohs due to the thermodyhamica]]y favored back reactions_between
complementary couples fdrmed_}n the redox cycle (namely, back reactions
of A~ with SOX or D*). Thus, in homogeneous aqueoUs systems, the "use-
fu]"vpotential energy gain from the formation of the cduplekA,'/D+ is
degraded. In photosynthesis this fundamental difficulty is solved by
natural membranes which function as avbarrier for the back reactions.
The two "half reactions" thaf take place in the two photoactive sites are
accomplished at opposite sides of a membrane spearating two aqueous com-
partments.‘ So the oxidation and reduction processes are physically sepa-
rated and the back reactions are prevented_(]O,]]), Therefqre, it séems
desirab]e to adopt the "membrane princip]é" in the cdnsturction of an
artificia]rdevice to overcome the intrinsic prob1ém of back reactions.
As one of our objectives in the creation of an artificial photo-
synthetic unit, we wished to introduce interfaces between two water
compartments and conduct a "vectorial" electroh transfer across the
interfaces (12,13). The principles and charécteristics of several
electron transfer processeé across interfaces ahd their possible utili-
zation in an artificial photosynthetic device wi]T'be the subject of

our discussion.



Photoinduced Electron Tfansfer Across a Water-0il Interface

Surfactant molecules aggregate to reversed micelles in organic
so]venfs similar to their aggregation to hice]]es in water. Reversed
micelles are capable of dissolving water, thus forming a microemulsion of
"water pools" in a continuous oil phase (Fié. 3) (14). The proposed
general model for the utilization of microemulsions in the photolysis

of water is represented in Fig. 4. The model system is composed of two

half-cells that include a microemulsion of water in a continuous organic

phase represented as two water droplets. Using two sen§itizers, S] and
SZ’ coupled redox reactions are initiated photochemically to produce an
oxidized donor (D]+) and a reduced acceptor (Az') in the two separate
half cells. The comp]ementary redox products 6f this procéss (A]' and
024) are'confined by solubility to the organic phase, so the (favored)
back e]ecfron-transfers'are expected to be inhibited by the introduced
interface. The two half cells are bridged by e]ectrbn and proton car-
rieréb(for éxamb]é‘a quinone) and thus A] and D2 are regenerated. The
reduced and'oxidized agents Az'ahd D]+ are coupled to the reduction and
oxidation of water to fegenerafe A2 and b]; In this way all the compo-
nénts of the éystem, except water, are recycled.

In order to justify tﬁe proposed model for the séﬁaratfon of the
complementary products of a redox reaction, we wished to demonstrate
electron transfer from a donor iﬁ the équeous phase to an acceptor in
thezcontinuous organic phase (12). 1In pfincip]e, the overall electron
transfer process cah be divided into two distinct parts: (a) from the
water to an acceptor located at the interface and (b) from the inter-

phase to an acceptor dissolved in the continuous organic phase. The



electron transfer from the water phase to an acceptor af the interface

was investfgated in a microemulsion in which the donor, ethylenediamine-

- N,N,N',N'-tetracetate (EDTA) and sensitizer, tris(2,2'-bipyridine)rutheni-
um(II)(Ru(bipy)32+) were dissolved in the "water pools." The acceptor
used in the system was 1,1'-dihexadecyl-4,4'-bipyridinium chloride

2+). This acceptor is expected to be located in the interphase

(HV
boundary due to its amphiphi]jc’structure. The size of the "water pools"
in a water in oil microemu}si;n is esfimatéd to be 20-30 R based on
1ight-$cattering measurements (15). Hence, the statistical distribution
qf the sensitfzer in the "water pools” ensures many "collisions" with |
the interface during the lifetime of_*Ru(bipy)32+ (v 0.6 us) (16). A
_typica] preparation of fhe microemulsion involved the addition of 0.15

ml of 0.3 M (NH4)3 EDTA aqueous so]utibn (pH = 8.5) and 21 ul of a 0.010
M'[Ru(bipy)3]C]2 aqueous_so]ution to 2.9 ml of fo]uene. The acceptor,

Hy 2 (0.9 x 1073 M) and dodecylammonium propionate (220 mg, 0;3 M rela-
tive to the total volume) were added and the mixture was vortex-stirred =
until clear. The solution was deaerated and illuminated with intervals

of continuous blue light (440 nm < X < 550 nm, incident photon flux N
10~16 x 10-7 einstein s-]); fhe successive formation of the blue hex- -
decylviologen radical (HVT) was followed spectroscopica]]y by measuring
the increase in it§ absorption at 735 nm (e = 2500 Mf]cmfl)(17). The

rate bf formation of Hv? is displayed in Fig. 5 with two different con-

centrations of the sensitizer. The maximum quantum yield, ¢ based

max?
on HVf formation, was found to be 1.3 + 0.4%. Introduction of air into

2+

the cuvette reoxidized HvY to HV , and the Ru(bipy)32f concentration

appearéd to be unchanged relative to its initial concentration. As can
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be seen from Fig. 5, after three minutes of illumination the concentration

of Wt was 3.6 x 107 M-171,

Since the initial concentration of the
sensitizer was 7 x IO'SM, the results reflect that the photosensitizer
was recycled dufing the redox reaction. The results obtained are
rationalized by the following redox cycle (Fig. 6).&.Photoexcited
Ru(bipy)32+ transfer anvelettron to the interphase-located acceptor HV2+.
The resulting ﬁu(bipy)33+ oxidizes EDTA and thus the photosensitizer is
recyc1ed. These results are.consistent with an electron transfer from a
donor dissolved in the "watef:poo1s" to an acceptbr located in the inter-
pﬁase boundary. | |

However, in order to simulate the general scheme proposed in Fig. 4,
ve]ecfron transfer to an acceptor dissolved in the continuous organic
phase is required. The basic idea to échieve this process is displayed
‘%n Figufe 7. An acceptor (A]) that is originally located in the inter-
"phase region, while its reduced form is extracted into the bulk organic
phase, seems to fulfill these requirements. Coupling of thé reduced accep-
tor (A][red]) with a second acceptor (Az),~solub1é in the continuous
orgahic phase, is expected to reoxidize the interface-located acceptor,
while reducing A2‘ In this way, the net compartmentalization of a reduced
acceptor and oxidized donor is accomplished. Benzylnicotinamide (BNAT)
seems to fquf]1 the central requirement of fhe interface-located écceptor,
since its amphiphilic character instures its initial concentration at
the interface, while upon reduction it will be extracted to the bulk
organic phase due to charge removal (18). Hence, we have inveétigated a
phdtosensitized electron transfer using BNA+(4.8 X 10-3 M) fnstead of

et

in a microemulsion in which the composition of the "water pools"
was similar to the prévious experiment (ammonium EDTA, pH = 8.5, as

donor and Ru(bipy)32+ as sensitizer, bulk concentration 107° M). In



the organic phase a second acceptor was dissolved, 4-dimethyl-aminoazo-
benzene (5 x 10'5 M). This acceptor is expected to regenerate the
interface-located acceptor while being reduced (19). Since 4-dimethyl-
aminoazobenzene absorbs in the visible spectrum (X = 402, e = 22000 M_]cm-1)3
while the hydrazo derivative is colorless, its reduction can be followed

. spectroscopically, and a probe for fhe electron transfer process is
established. Illumination of this microemulsion in a dearated cuvette

with intervals of blue light:}ie1ds a successive reduction of the dye

and disappearance of its'abso;ption at A = 402 nm. The changes in the

dye concentration as a function of illumination time are represented in

 Fig. 8. After four minutes of i]]umination,-80% of the dye had been

reduced (¢ = 0.13 + 0.04%). The product of the dye reduction was

max
jdentified as the corresponding hydrazo derivative because introduction
of oxidizing agents such as 12 or H202 resulted in'regeneration of 4-
dimethylaminoazobenzene. At the end of thevphotdreduction, the sensi-
tizer concentrationappeared to be unchanged. The“quantitative reduction
of the dye, in comparisonvtb the expefimenta] mole ratio of dye:
Ru(bipy)32+ (5:]), indicates that the sensitizer was recycled during the
photoinduced redox reaction. Control expefiments reveéled that all the
components in the system were crucial to the reductidn of the dye.v By
excluding Ru(bipy)32+, EDTA or BNA+, the photoindﬁced reduction of the
dye was prevented. The fact that BNA+ was required in the process
emphasizés that it served as a mediating agent in the cycle. The results
are explained by a cyclic redox mechanism presented in Fig. 9. The

electron transfer from photoexcited Ru(bipy)32+ to BNAT is followed by

the reduction of the dye dissolved in the continuous organic phase{



The oxidized photosensitizer is reduced by EDTA, while the initial
sensitizer is regenerated. The net oxidation-reduction reaction accom-
plished by visible light sensitization is the reduction of 4-dimethy]l-
aminoazobenzene by EDTA. Based on the known oxidation products of
EDTA (20,21), the accomplished process is summarized in Eq. 5. To esti-
mate the thermodynamic balance of this reaction, we used glycine as a
model for the oxidation site pf EDTA and found that the reaction is up-
hill in free.energy (AG® ~ 37ikca1/m01e of EDTA consumed):

,CH COZ— |

Ry © T Ry Ry 4 20 > RyNH-OH,00, + 0 + HEDy™H R,-NH-NH-R,
2% | o

Since BNA' serves as a model for NADP, the redox reaction accom-
plished in the'microemulsion system may be visualized as a biomimetic
approach to photosystem I, in which NADP is reduced. Theé photoinduced
reduction of 4-dimethylaminoazobenzene demonstrates that an electron
transfer across the interface of a water-oil microemulsion has been
carried out along an endoergic pathway. The system therefore represents

a model for the compartmentalization of a redox reaction.

Photosensitized Electron Transport Across Lipid Vesic]e Walls

Pigmented membranes that are asymmetric with respect to electron
donating and accepting species in the separate aqueous phases could, in
principle, be used to ébnvert solar energy to chemical form by mediating
photosensitized electron transfer reactions vectorially across the mem-
brahe. By coupling the redox reaétions to oxidation and reduction of
water, the decomposition of water could be achieved. The redox chemistry

of photoexcited dyes usually involves one-electron tkansfers, while



multielectron transfers are required to produce ho]ecular hydrogen or

oxygen from water, so the accumulation of charges is required. One of
the functions of the membrane would be as a barrier to diffusional re-
combination of reactive intermediétes accumulated in the aqueous com-

partments.

Membrane-mediated electron transfer between aqueous compartments
requires charge transport through two phase boundaries as well as through
the membrane interior, so high specific interfacial area and thinness are
two related properties that are desirable. Suspensions of lipid bilayer
vesicles are practically optimal wfth regard to these properties. The
cbmposition of vesicles can be varied conveniently. The ordered, ]iquidr
crystalline nature of vesicles could prove impdrtant for efficient energy
and electron transfer among their components. These are some of the
reasons that we have been exploring the possibi]ity of using vesicles as
substrates for photosensitized decomposition of water.

Photosensitized electron transport across 1ipid bilayer membranes
is a relatively new field of research (22-27). Although the ability of
lipid layers to fransmit electrons is éstab]ished, the mechanism and
conditions for electron transport are not certain. Several fundamental
questiqns need to be addressed, particularly whether electrons can be
transmitted across the membrane directly between pigment molecules,
or whether electron carriers that diffuse across the membrane, or provide
a transport chain, are required. We should also keep fn mind that elec-
tron transport through the membrane needs to be coupled to proton trans-
port in the same dfrection (or some other means of maintaining charge

neutrality).
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As a model for studying photosensitized charge transport across

vesicle walls, we have used a membrane-bound tris(2,2'-bipyridyl)

ruthenium(2+) derivative with two n-hexadecyl substituents (abbreviated

2+

to Ru“ ; see Fig. 10) to mediate transfer of electrons from EDTA, dis-

solved in the encapsulated aqueous compartments of egg yb]k phospha-
tidylcholine (PC) vesicles, to viologens dissolved in the continuous

agueous phase of the vesicle suspension (13).

2+

Besides PC and Ru” , initially we included in the vesicle walls

hexadecylviologen (C]6V2+), vftamin K] quinone, and decachlorocarborane

to assist charge transport across the membrane-water interface and mem-

2+

brane interior, in case they were needed. MV  was dissolved in the con-

tinuous aqueous phase. The vesicles were prepared in EDTA solution
(as its ammonium sa]f) (pH 7) by the injection technique (28), followed

by gel filtration to replace the external EDTA solution with ammonium

2+

acetate solution containing MV2+ and Zn We observed the production

of My". upon illumination of the vesicle system with intervals of continu-

ous visible Tight (Fig. 11c; Omax ™ 5 X 10'5). The appearance of mvt,

measured spectrophotometrically, had a sigmoidal dependence on the total

2+

amount of light absorbed by Ru“", with saturation after about 10% of the

2

MY * had been reduced. However, EDTA oxidation is irreversible and this

reaction proceeds in homogeneous solutions photosensitized by Ru(bipy)32+
(Fig. 11a) (29), so control experiments were required to insure that we
were observing photosensitized electron transport across the vesicle
walls. EDTA that was not removed by gel fi]tfation, or that might have
"escaped" from the vesicle interiors, was rendered inactive by adding an
excess of zincions to the vesicles after gel filtration. The effect

2+

of Zn°" on the reaction is shown in Fig. 11b for the homogeneous case,

and in Fig. 11d after the vesicles had been disrupted by detergent. It



1

is un]ike]y that the PC, or ethanol or dimethylformamide used in the
vesicle preparation and not removed by gel filtration, was the source of

‘electrons for MV2* reduction because no viologen radical was observed
6).

2+

with vesicles containing acetate instead of EDTA (¢ < 5 x 10~ Final-

ly, the vesicles were found to be practically impermeable to MV™" on the
time scale of our experiment (fractional decrease in concentration = 0.04 .

+ e .
2 from vesicle interiors).

+ 0.04 in two hours for escape of 0.20 M MV
.Our next step was to determine which of the membrane components,
besides PC and Ru2+, were red&ired; We found that increasing the‘
pH to 8.5 increased the quantum yield by around seven-fold in the homo-
éeneous case and .around five—fb]d in the vesicle system. Inhibition by

A hydrolysis of the amide linkages were .

zinc ions and stability of Ru
apparent]y.unaffeeted by raising the pH, so this change was made. Removal

of both vitamin K] quinone and decach]erocarborahe had little effect,

while further removal of hexadecylviologen caused a six-fold decrease in

quantum yield (see Table 1). 1In all cases the cumulative amount of

viologen radical produced had a sigmoid dependence on the cumu]ative

illumination time,ra]though the prominence of the ihduction period varied. |
The quantum yield for my* production:had a linear dependence on light ‘ ?

intensity when the vesicle walls were composed of PC, Ru2+, and K%,

2+ and we used heptylviologen

2+

When the walls contained just Pé[ahd Ru
(C7V2+), the water-soluble C-7 analogue of MV2+, instead of MV the
absolute quantum yie]d was (3.8‘i 0.7)>x 1074 (Table 1 ).

| The last system mentioned is the least ambiguous case for consider-
ing possible mechanisms for electron transport across the vesicle walls,

' so we have examined this system in more detail (30). The vesicle compo-

sition is shown in Fig. 12. We expect that Ru2+ is distributed on both




12

sides of the 1ipid bilayer, and oriented so that the charged chromophore

is near the vesicle-water interface. The fact that the chromophore of

2+

Ru“" is in an aqueous environment in the vesicles is reflected by its

uv-vis absorption spectrum, which is sensitive to solvent (unpublished
observations). We used for our ana]ysis'the kinetic scheme shown in

Fig. 13, which is based on the assumption that the primary photochemical

event is oxidative quenching of the sensitizing excited state of Ru2+

2+

(*Rut) by C.V

7
case in homogeneous solutions (?9). In the kinetic scheme the vertical
2+

rather thanfé reductive quenching by EDTA, as is the
lines represent the inner (EDTA side) and outer (C7V side) vesicle
surfaces. The five states, labeled A to E, can be considered to inier-
convert with the first-order rate constants k0 to k4. The constancy of
the k's implies that the concentrations of the reaction partners on either
side of the vesicle wall do not vary significantly. Values for thése

rase constants consistent with the conditions of our experiments are
included; their derivation will be briefly described below. The processes
envisaged are as follows: *Ru2+ is assumed to be produced with nearly

unit quantum yield (A ~ B), as is the case for Ru(bipy)32+ (31). i

decays to the ground state (B - A) or is oxidatively quenched by C7V2+

3¢ (C - A) competes

(B~ C). Back transfer of electrons from C7VJf to Ru
with electron transport across the membrane (C -+ D), which is assumed to
be reversible (D -~ C). Oxidation of EDTA by Ru (D » E) is irreversi-
ble because of fragmentation and addition of water (21).

We have considered two pqssib1e transmembrane electron transport

3

mechanisms: i) there is net diffusion of Ru * to the EDTA side of the
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side; and ii) Ru2+

2+

membrane and Ru2+ to the C7V2+

transfers an electron to Ru3+ on the C7V

on the EDTA side
side (electron exchange).
It is possible to distinguish between these mechanisms in two ways.
One way is to compare the rate constant for electron transport across
| the membrane, k3, to rate constants for transmembrane diffusion

("flipping") of amphiphilic molecules in phospholipid vesicles (32,33).

predicted
The two mechanisms also differ in their/dependence on the concentration
of Ru2+ in the vesic]é wall (i.e., the mole ratio of PC to Ru2+). Since

diffusion is a first-order prbcess, k3 will be independeht of Ru2+

concentration. On the other hand, electron exchange is a bimolecular

2+ 2%

process involving Ru™ , so in this case k3 will be dependent on Ru

concentration. The quantum yield we measure for C7Vf production can be

related to k3 using the kinetic scheme, so the two mechanisms can be

2+

distinguished by the quantum yield dependence on the PC to Ru“” ratio.

With the steady-state approximation that the concentrations of

2+

*Ru™ and Ru3+ are very small, and the assumption that k3 equals k_3,

the overall quantum yield (for sequence A » E) is given by:

K K.k o
OaE = %ac T %CcE T X +]k " KK +3k4k T KK ' (6]
B I B b S o SR A

where SaC and dcp are the yields for sequences A+ C and C » E. Now
we consider the ratio of quantum yields ¢'AE/¢AE for two experiments

with different PC:Ru2+ mole ratios, that is, with different concentra-

2+

tions of Ru in the vesicle walls. If the diffusional mechanism is

opéerative, then k3 equals the diffusional rate constant, and

¢'aE

—_— =]

AE
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If the transport mechanism is by electron exchange, then v
+ -
[Ru?'7, 7]

is the exchange rate constant, so the ratio of quantum

k3 = kexch

where kexch

yie]ds (R) equals the ratio of Ru2+ concentrations (r) times a

fraction:
ol (Ra2]"
R = .__l.\_E.. =r - - ] - K s = Ru2+] > 1 [8]
AE 1+ (r - Nl + 121 [Ru“'T
| K |
. 4

We tested the quantum yield dependence for C7VJf production on Ru2+

concentration for two samples; the results are shown in Fig. 14. Both

samples contained the same amount of PC, and the PC:Ru2+

mole ratios

were 200:28 and 200:10. We observed that by increasing the concentration
of Ruz-+ by the factor r = 2.8 + 0.2, the maximum quantum yield increased
by the factor R = 2.2 + 0.3. Thus ouf results are consistent with Eq.

8 when the fraction is 0.79 + 0.16 (estimated uncertainty).

We have described the derivation of an order-of-magnitude estimate
for ké (30). In summary,_the éxpression for bcE in Eq. 6 was rearranged
and solved for k3 in terms of dcp k2, and k4. ¢CE was estimated from
luminescence quenching data and the measured overall quantum yield N
The first order rate constant k, was estimated from a literature value
for the bimolecular rate.constant for reactioh between Ru(bipy)33+ and
Myt (34), and our estimate for the local concentration of C7Vf, that is,
at the vesicle surface. Similarly we estimated kg (35). Our best

5 -1

estimate for ks is about 1 x 10° s', but within limits of uncertainty,
3 6 s']. Although the uncertainties are large,

k3 varies from 10 to 10

it is clear that values for ijconsistent with our results are several
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orders of magnitude greater than rate constants for diffusion of
amphiphilic molecules across the walls of PC vesicles: = 10'6 s_]

for PC (32), ~ 1073 s'] for cholesterol (36), and £ 157! for fatty acids

(33). Thus both the rate constant for electron transport across the
vesicle walls, and the quantum yield dependence on Ru2+ concentration,
are inconsistént with a mechanism that depends on "flipping" of the
rutheniun complex, whereas the dependence on Ru2+ concentration is

consistent with an electron exchange mechanism. Our estimate for the
+o,
2 in

rate constant for electron exchange (Eq. 7) between Ru3+ and Ru
| 6 y=1¢-1

opposing monolayers of the vesicle wall is 10 M_, , Since k3 N 105

s’] and [Ru2+] v 0.1 M. Fdr comparison, the exchange rate constant of
the Ru(bipy)32+ + Ru(bipy)33+vcoup1e is 2 x 10° M']s"] in acidic aqueous
solution (37).

We conclude that.our resuits add support to evjdence (22-27) that
p{gmented lipid bilayer membranes can transmit electrons. Also, it is
apparent that diffusional eiectron—transporting molecules- aré not re-
quired for photosensitized electron transhort'across vesicle walls. We
have interpreted the resufté in tenms of electron éschénge between Ru2+
and Ru3+ complexes at opposing vesicle-water interfaces. The facility
with Which tris-2,2'-bipyridyl metal ion comp]éxes undergo eiectron
exchange (35) is important in this model. Since the membrane thickness
is aboutvthree or four times the diameter-of the Ru2+ chromophore, the
exchanged e]ectfons may have to tunnel (22, 24, 38, 39) through part
of the hydkocarbon?1ike core of the membrane. On the other hand, bi]ayer'
membranes might be viewed as semiconductors (22, 23).

The model presented assumes that the physical properties of the
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vesicles are not significant]y different when PC:Ru2+ mole ratios are
200:10 and 200:28. However, two properties that could differ are membrane
fluidity and degree of lateral phase separation, both a result of chemical
differences between PC and Ru2+. Fluidity could affect the average
distance between ruthenium chromophores in opposing monolayers, thereby
affecting the probability for electron exchange. Lateral phase separa-
tionv(33), favored by increasing compositional heterogeneity, could
cause the appearance of Ruzfﬂaggregates, which is predicted (40, 25)
to make electron transport ééross.the membrane more probable. Although
we dd not expect either effect to play an important role in the present
case, further investigation will be required to determine the actua]
charge transport mechanism;-and its dependence on membrane parameters.

| Irrespective of the charge transport mechanism, it appears that
the rate constant for electron transport across pigmented vesicle walls
can be great enough to compete with energy wastihg recombinétion reac-
tions between prﬁmary producté at the vesic]e $urface. We find this
result encouraging toward our goal of using.bi1ayer membranes in practi-
cal solar energy converting devices. We expect that significant improve-
ments can be made in quantum yield by increasing the probability of
electron transfer across the membrane (e;g., by fncreasing the pigment
concentration) or decreasing the probability of the»reCOmbination reac-
tions (e.g., by taking adyantage of surface potentials at charged inter-
faces) (41;42). With appropriate catalysts for oxyéen and hydrogen
: evaution, the products of photosensitized charge separation can be
coupled to decomposition of water. One approach we have in mind utilizes

two types of pigmented vesicles in separate half-cells, one type for

hydrogen production and the other for oxygen production, with the two '
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half-cells connected electrochemically (see Fig. 15).

The Utilization of Interfaces in Photodecomposition of Water

The water?in-oi1 microemulsion and vesicle systems seem to meet
the basic need for an artificial membrané that compartmentalizes two
redox reactions. However, in order to construct a practical artificial
system, one needs to design catalysts for the decomposition of water
(Fig. 2). Cata]ysts'for the reduction of water to hydrogen were developed
in recent years (43,36). Vioﬂogen radicals have an adequate reduction
potential to reduce water ét\écidic pH (E° MV2+/MVf] = -0.44 V). Indeed,
it was reported that viologen radicals reducé water in the presence of
heterogeneous catalysts 1ike Pt or Pt02(43,35). Similarly, it has been
reported that a Rh complex and colloidal Pt act és mediators in photosensi-

tized reduction of water to hydrbgen (44). Recently, a homogeneous CoII—

complex was reported to mediate the production of hydrogeh by Ru(bipy)32+
photosensitization (46). Meanwhile, the complementary oxidation reac-
tion accompanying the production of hydrogen involved different donor
substrates like EDTA or other tertiary amiﬁes, or ascorbic acid (43-46).
However, in order to construct a practical fuel device theldOnor should .
be an abundant and cheap source viz. water. Indeed,'if seems that our
main efforts at present should be directed towérd the development of
catalysts capable of photooxidizing wéter. The difficulties we envision
in the oxidation process of water are presented in Eq. 2. In order to
produce one mo]ecd1é of oxygen, the accumulation of four e]ectrohs is
required. Thus, the catalyst shou]d exhibit a charge storage capability

or it should be possible to perform a concerted four-electron oxida-

tion (47).
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Very recently it was reported that Ru(bipy)33+ generated photo-
chemically oxidzes water to O2 in the presence of RuO2 as heterogeneous
catalyst (48,49). In these experiments, irreversible acceptors like

3+were utilized: The next steps should involve the

[col (NH3) €13 or T
coupling of oxygen and hydrogen production in one éontinuous system,
We believe that the interfacés presented in our discussion could play
an imporfant role in achieving the required compartmentalization of the
oxidation and reduction pro&ésses necessary for prevention of competing
back reactions. The introduction of solid catalysts into vesfc]es and
"water pool" of microemulsions might be solved by supporting the catalysts
‘on water-soluble polymers (50). In general, however, it seems that the
development of homdgeneous catalysts for the photodecompoéition of water
would be advantageous. |
In natural photosynthesié, the mechanism'of oxygen'production is
not known. However, it is known that Mn-ions play an important role in
oxygen evolution (47). This basic knowledge led Calvin to propose Mn-
complexes as.cata]ysts for the oxfdation of wafer in an affificia]
photosynthetic device (51). This idea (Fig. 16) involves the successive
photoinduced oxidation of a MnII-comp]ex to MnIV- complex. A stepwise

IV—comp]ex might occur, and the intermediary

oxidation of water by the Mn
peroxy radicals recombine. Ultimately, further oxidation of the peroxy
bridge leads to oxygen.production and regeneration of the sensitizer. The
electrons abstracted during the formation of the MnIV—comp1ex are used to
produce the hydrogen (fuel). Calvin extended the oxygen evolution idea
by suggesting a "manganese dimer" as a potential catalyst to carry out

- a concertedfour-electron oxidation of water (3, 52). In the dimeric

structure, the combination of two oxygen atoms to liberate oxygen should



19

be facilitated.

) Meanwhile, the utilization of Mn-comp]ekes for the direct eVolu-
tion'of.oxygen has been Qnsuccessfu] in our hands (53). However, Porter
and coworkers reported in 1978 the photoinduced reduction of quinones

by a MnIII

-porphyrin and the presumably low yield formation of oxygen was
suggested (54). The obstacles observed in oxygen evolution by a homogenedUs
- catalyst led us to reconsider the cycTe presented in Fig. 16. We
speculated that fhe dimerizgfion'process 1nvo]ved in oxygen production
scheme is the barrier for thé process. So, we attempfed to sort out

the essential idea presented in Fig. 16, that a MnIV-comp1ex oxidizes
water in a two-electron oxidation process. Thus an MnII-bXO-comp]ex

as an active oxygen transfer agent might be formed. Such'oxo—porphyrin
complexes of diverse metallo pOrphyrins are well known (55-57). The
"active oxygen" in these complexes is of electrophi]ic—oxenofd character,
and it might be trapped by different nucleophiles of "electron rich"
bonds (57). So, instead of using the evolution of molecular oxygen as
the "concept" for the water oxidatioh half-cell, we thought that the

~ production of a MnII-oxo-comp1ex in the redox cycje might even be advan-
tageous. The basic idea involves the addition of a trapping agent'(ST)
“that will trap the active oxygen and regenerate the sensitizer (Eq. 9).
:The "oxygenated" substrate thus produced allows us to accumulate the

- fuel (hydrbgen) during the reductipn_process that accompanies the forma-
tion of MnIV-comp]ex._ In turn, the oxygenated trap, in a secondary
process, should be ab]e to produce useful chemicals (A-0) or eliminate
oxygen in the presence of additional catalysts (Eqs. 10 and 11). Thus

we are no longer restricted to catalysts that will perform concerted

four-electron oxidations, and hydrogen production can be separated from
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oxygen production (58).
I1

Mn=0 + Sy > Mn'" + Se=0 | [9]
S;=0+ A> S+ A—0 [10]
or 25.= 0 Cat, 251 + 0, : [11]

With thése guidelines in mind, we have recently succeeded in
achieving a photoinduced oxidation of water whereby an active oxygen

transfer to triphenylphosphine is accomplished (58). Using a MnIII-

porphyrin (Pn-MnIII) as photbsensitizer, methylviologen (MV2+) as
acceptor, and tripheny1phosbhine as the actiQe oxygen trap, a redox
reactidn could be induced by illumination with visible 1ight. The
reduction of MV2+ and accumu]atiqn of thevoxygenated trap, triphenyl-
phosphine oxide, while recycling the sensitizer has been accomplished
(Fig. 17). Thus, the basic approach by which the photodecomposition of
water through an active oxygen transfer was achievéd. The development
of trapping agents whose oxygenated products are capable of evo]ving
oxygen in the presence of other catalysts, or are themselves useful

- chemicals, are now under current’inVéstiQétion in our laboratory.

Will water and sunlight be our.fue1 source in the future? Af the |
moment, it is a philosophical question. We are in the right scientific
direction in our separation of theycomb]ex natural photosynthetic proF
cess and in our attempt to construct artificial devices for its essential
parts. The progress in recent years is indeed éncouraging. Combining
the different parts into one comprehensive system will be the challenge

of the future. The fact that nature achieved it gives us a hope that

mankind will overcome the problems as well.
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Table 1

Effectof vesicle composition on quantum yield

of viologen radical productiona
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Additional membrane Viologen (1 mM) in Maximum quantum
compohents continuous aqueous phase - yield

v (0.01 mM) |

kQ (0.1 mM) o (2.6 + 0.8) x 1074 P

B (0.01 mM) ) |

v (0.01 mv) My 2t (3.3 4+ 1.0) x 1074 bic

none Myt (5+ 2) x 107° P

none S ¢,V (3.8+0.7) x 107% €

3yesicle dispersions contained 2 mM PC and 0.1 mM

+ .
,Ruz 3y concentrations

are bulk values; pH = 8.5; KQ = vitamin K] quinone, B = decachlorocar-

borane

b420 nm< A < 600 nm illumination

€440 nm < A < 550 rm illumination
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Figure Captions

Electron transfer (Z-scheme) in photosynthesis.

General scheme for water photodecomposition. S represents

an artificial sensitizer which simulates the function of

the natural chlorophyll.

Thé formation of water-in-oil microemulsion using reversed
micelles. |

General Scheme féf water photodecompositibn using two hé]f
cells of water-ih-to]uene microemu]sions. The two water
droplets represent two kinds of watér-in-oi] microemulsion.
The photoreduction of hexadecylviologen (HV2+) to the
respective radical-cation (HVf) in a water-in-oil microemul-
sion using ammonium EDTA (0.3 M, pH = 8.5) as aqueous phaSe

- . +
2 (0.9 x 1073 M)  as acceptor. (a) [Ru(b1py)32 ]=

5

and HV

7 x 107 (b) [Ru(bipy)5?"1 = 4 x 107°M. The amount of Hv*

is determined by the increase of absorption at 735 nm (¢ =

1

2500 M~ Vem™ ).

Electron transfer from the aqueous phase to an acceptor

-located in the interphase.

The separation of a reduced acéeptor ahd oxidized donor
mediated ‘by an acceptor located at the interface.

The reduction of 4-dimethy1aminoazobenzene as a function of
i1lumination time, monitorgd byfthe decrease of dye absorp-
tion at A = 402 mm (e = 22000 M™'em™ ).

Cyclic mechanism for phdtoindﬂcedve]ectron transfer across

the interface of a water-in-oil microemulsion.



Figure 10.

"Figure 11.

Figure 12.

the amphiphilic analogue of Ru(bipy')3
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Structural formula for (N,N'—di(hexadecy])—2,2'—bipyr1dine-

4,4'-dicarboximide)-bis(Z,Z'—bipyridine)ruthenium(ll)2+; ab-

2+

breviated to Ru in the text.

Photosensitized reduction of methy]viologen'in aqueous
media using EDTA as electron donor, and inhibition of the
reaction by zinc jons: -a) Homogeneous conditions using

Rtj(bipy)32+ as sensitizer. [Ru(bipy)32+] =5 x 1072 M,

4 3

[MV2+] =5x 107" M, [EDTA] = 1 x 107" M, ammonium acetate

buffer, 1 M, pH = 7. b) Composition as in a) but with
2 X 10—3 M zinc acetate added. «c) Vesit]e dispersion with

2+ 2+, dissolved

,_Ru
in the vesicle walls. EDTA is dissolved in the enclosed

aqueous compartments and MV2+'and Zn2+ are dissolved in the

continuous aqueous phase. [PCI 1k = 2 X 1073 M, [R”2+]bu1k-
_ -4 _ 2+ _ -3
=1x10 "M, [EDTA]inside = 0.5 M, [MV ]outside = ] x 10
M,'»[Zn2+]outside = 0.01 M. Both aqueous phases contained

ammonium acetate buffer, le=-7. d) Composition as in c),
bUt with detergent added (0.018 M 6f 3—(dimefhy1hexadecy]—
ammonio)-propane-1-sulfonate) to solubilize the vesicles
and release the encapsulated EDTA solution. I1lumination:
900 watt Xenon arc lamp, 420 nm < A < 600 nm. |

Schematic of bilayer vesicle cross-section, illustrating

‘the composition of the aqueous -phases and vesicle wall for

200:10 (PC:Ru2+) mole ratio vesicles. The composition of

0
the membrane phase calculated for vesicles of ~ 250 A outer

diameter.



" Figure 13.

Figure 14.

Figure 15.

550 nm); incident photon intensity = (5.8 + 0.8) x 10~

25

Photosensitized prdduction of hepty]vio]dgen radical as

a function of cumulative number of absorbed photons for two

'vesic1e compositions: PC:Ru2+ mole ratios of 200:10 (0)

and 200:28 ([ ). PC concentration (2 mM) is the same in
both samples. I]]umination.with blue 1ight (440 nm < X <

5
einstein min).

.Kinetic model fof.photosehsitiied electron transport across
vesicle wall, wifh_estimated’first—order rate constants.
Vertical lines represent'membrane-water interfaces.  RH:

stands for EDTA less one hydrogen atom.

Scheme for'photosen$1tized decompoéition of water using

two types of pigmented colloidal particles. ~In th}s case
the partic]eé are Tipid bi]ayer vesicles. Thé sensitizing
dyes, S] andeZ, and catalysts for oxidation and reductipn
of water, C] and CZ’ are dissolved in the vesicle walls or
in the encapsu]ated.aqueous compartments. The vesicles are
1mmobilﬁzed in semipermeable hydrogel beads supported in |
co]dmns through which.aqueous}so]utions of reversible elec-
tfon.acceptor;'A, and e]éctron donor, D, are passed. Reduc-
tiqn of A and oxidation of D take place at the vesicle sur-
faces during light-driven reactions that are coupled to oxi-
dation and reduction of water. The 02 and H2 half-cells are
connected e1ectrbchemica1]y with two electrodes and a sélt

bridge. The‘duantum requirement is eight photons per 02'

" molecule produced. The net reactions are:



Figure 16.

Figure 17.
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2H,0 + GA + Ghv > 0, + 4H' + 4A” 0y
N _ half cell
4" > 4A + de (electrode)
ait + 4D + 4hy » 2H, + ap* H,
half cell

40" + 4e” (electrode) - 4D

Scheme for photooxidation of water to oxygen using Mn-

complexes.

Photoproduction of active oxygen using MnIII-porphyrin as

sensitizer. The3e]ectron acceptor in the redox cycle is
methylviologen (MV?+) and triphenylphosphine serves as the

trapping agent.
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