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TOWARDS ARTIFICIAL PHOTOSYNTHESIS
Experiments with Silver Zeolites, Part 1

Robert Beer, Gion Calzaferri °, Niklaus Gfeller, Jianwei Li, and Beate Waldeck
Institute of Inorganic and Physical Chemistry, University of Bern,
Freiestrasse 3, CH-3000 Bemn 9, Switzerland

Summary

We explain the principle of a photochemical energy storage system, based on the oxidation of
water by means of a silver zeolile system that is separated from the reductive parl by a membrane,
The process is split in three parts: the oxidation of water to oxygen, the reduction of water to
hydrogen and the coupling of the two processes. Photoredox reactions are at our disposal for the
oxidation of water and others for the reduction of water. Time has therefore come to uy and
realize the coupling between them which has to be accomplished by means of a membrane that
allows the transport of electrons and protons from the oxidative 10 the reductive side and that
prevents recombination reactions. To bring electrons from the reductive (0 the oxidative part,
however, sufficient electron conductivity across the zeolile is needed. Experimental swdies have
led to the result that the resistance of even very thin silver zeolite pellets is by orders of magnitude
100 high. It is caused by the interface of the grain boundaries. We have therefore developed a
technique for preparing zeolite Jayers as a dense monograin sheet onto an electrode which shows
that the silver reduction and oxidation steps in the zeolite are quasi reversible. The technique
described can be extended Lo different substrates such as Pt, graphite, glassy carbon, glass, quartz,
tin dioxide and others. Having demonstrated that it seems likely for the transport processes ol the
zeolite part to be solved, we discuss two specific possibilities to couple the two half-reactions.
The first is (o combine on a membrane semiconductor particles able to accomplish water reduc-
tion with a silver zeolite. Excilation of the particles delivers the electrons necessary to reduce
protons. The holes produced in this process are recombined with the electrons delivered by the
reduced silver in the zeolite. Combination of the silver zeolile with an appropriate metal complex
able 1o photo-reduce water or CO, is another possibility.

* Author 1o whom comespondence should be adressed.



1. Introduction

In artificial photosynthesis the goal is to mimic green plants and other photosynthetic organisms
in their ability to use sunlight for making high-energy chemicals. This is a chemically difficult
problem. The most desirable processes for chemical transformation and storage of solar energy
are waler splitting, carbon dioxide reduction and nitrogen reduction. Today none of these reac-
tions can be carried out under solar irradiation with a significant quantum efficiency by means
of an artificial molecular system, Nevertheless, a number of interesting approaches have appeared
in the last few years and there is litle doubt that chemists will succeed to design efficient mol-
ecular solar energy storage devices,' The principles of such an energy storing sysiem are dem-
onsuated in Figure 1. :
membrane CO + H,0
H,0 ] H, + H,0

[Fea 2] [ Rl

CO; + 2H"
Y20, + 2H® + 2H®

Qx 1

1 2 3

oxidative coupling reductive
reaction reaction reaction

Figure I:  Schematic device for the water splitting or carbon dioxide reduction,
The net process is an endergonic oxidation-reduction reaction.

(1) Avyhvy

Red] + Oxd4 ———> Oxl + Redd

We split the process in three parts: the oxidation of water to oxygen in reaction 1, the reduction
of waler to hydrogen in reaction 3 and the coupling of 1 and 3. The cnergy is added (0 the system
by photons hv, and hv, which excile Ox2 and Red3 respectively. Reaction 2 has to fulfil the
condition that the two electrons from Red2 are quantitatively ransferred to Ox3. Al the same time
protons must move from 1 to 3 to sadsfy electroneutrality. A membrane is needed 10 separale Lhe
oxidative and reductive reaction spatally.’ It has to prevent energy and malerial consumption
caused by side reactions between redox systems (Red1,0x1).(Red2,0x2}] and redox systems
[(Red3,0x3),(Red4,0x4)).
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2, Oxidative part

The bottle-neck in chemical approaches 1o artificial pholosynthesis on a molecular level ?_ms al-
Wways been the pholo-oxygen production from waier. A number of photochemical experiments
have shown that on illuminaton of silver zeoliles in aqueous dispersion the Ag® ions are reduced
and molecular oxygen is evolved,
f?] . I o . r\! O'Z EO

[(Ag"), mH,01Z = [Ag, +H m—i)‘fﬂ J +30:

Z represents the negatively charged zeolie lattice. Reaction (2) is lollowed by pariial wansier of
the zeolitic protons 1o the solution, which results in u decrease ol pH according to:

o [Ag:“"‘,rH'.[m-%}H:O}Zdﬂ'h’:o ) [Ag:"”'.[r—r')H’.(nr—%JH:O}Z-rr'H,O‘

Investigation of the spectral sensitivity of reaction (2) has lead 1o the surprising resulln that a
self-sensitization takes place: the further the reaclion proceeds, the more the sensitivity s}nﬂ.s from
initially near UV 1o visible wavelengihs oul into the red range. The experimental techniques used
and the resulls obtained have been descrived in detail,’

As demonstrated by the self-sensitization. new chromophores with bathochromically shil’L‘cd ab-
sorption are produced in the pracess ol the photoreaction, They are themselves able to drive the
photoreaction if they are excited. Quaniumchemical calculations of the Exiended Huckel type of
silver ions in zeolitic environment have provided the background to understand the nature of the
eleclronic transition,” It was found that the lowest energy wansition is a ligand 10 metal charge
transfer (LMCT), exciting an oxygen lone-pair electron o the silver species Icoq:dipa:ad by lhc
zenlite, Our interpretation is supported by the finding thal the calculated first ionization potential
of about 10,7 eV for the spherosiloxane H,Si,0,, - which can be regarded as a model for,thc 4.4
SBU in zeolite A - is in good agreement with the experimental phowelec‘uon specuum.” To get
a feeling for the consequences of this relatively high lying oxygen lone pair we have (o compare
it with the first ionization energy of the water molecule, observed al 12.6 ¢V and atvibuted 1o the
energy of the p-type lone pair of the water molecule.® The calculations on the silver zeolites
predict bathochromic shifts il interaction among silver species within the zeolite is t:lklen into
account. The sell-sensilization phenomenon can therefore be rationalized by he photomduc;d
formution of partially reduced silver clusters which absorb at longer wavelengths and then transier
their energy Lo reaclive siles. To explain the oxygen release we imagine that the lifeume ol the
holes generated in the oxygen lone pairs is sufficiently long so thal they can accumulate and the
reaclion with the water tukes place, We expect that funther insight can be oblained by studying
the Dember effect in a manner as described by Levy and coworkers,” by applying pholoelecuro-
chemical measurement lechniques and theoretical methods.*

Silver zeoliles are ulso capable of photo-producing Cly il dispersed in a 0.2 M aqueous KCI
solution of low pH. Self-sensitization occurs™™ similar to the water oxidation, The electronic
transition involved seems 10 be well described as charge transfer from the chlorine union (o the
pusilively charged silver ion or silver cluster-ion.

(4 hv = r
) [Ag"),ZImCIN = [Ag] ™" Zlm = 1)1,y +5C,
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The pronounced pH dependence of this reaction is illustrated in Figure 2. The results can be
summarized as follows. Below pH 4 aqueous Ag® zeolite dispersions produce Cly in a
photochemical reaction in the presence of CI'. On changing from acidic to alkaline conditions
a shift from chlorine to oxygen production is observed.

The experimental arrangement was as described in:™ 550 mg Agy;Na,[(AlO,),2(5i0,),.] was
dispersed in 100 ml 0.2 M aqueous KCl and irradiated at 370 nm with a light {lux of
5 mW/cm?, For each pH intervall the time dependent signal is shown in Figure 2. Oxygen was
measured by means of a Clark sensor™ and chlorine by means of a Clark-like Cl, sensor.™
The large driving force of the recombination reaction Ag + 1/2 Cl, = AgCl with a standard
redoxpotential of E°=1.14 V must be considered to appreciate the photoproduction of chlorine
with visible light,

30 il .
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Eigure 2: pH dependence of photo-chlorine evolution in an aqueous dispersion of an Ag* zeolite
A irradiated at 370 nm (light flux 5 mW/cm®),

Based on these observaticns we have constructed a photogalvanic cell {Ag/AgClICI"/Cl.} with
an experimental open circuit potential of 1.07 V.* Experimental and theoretical studies have
shown that the photocurrents observed where limited by transport processes which means that the
current-voltage characteristics could be significantly improved. Similar experiments have been
carried out in presence of Br and of I'. The observed corresponding open circuit photopotentials
are 0.7V and 0.55 V.

Having two reactions at our disposal for the oxidative part I in Figure |, we consider some
thermodynamic arguments on the energy stored in reactions (2) and (4) respectively. The energy
stored in reaction (4) can be estimated without many assumptions 1o be in the order of up o
~E"=-1.14 V. The situation is less obvious for the photo oxygen production (2). The pH de-
pendent standard reduction potential of reaction (5) in pure waler at room temperature is equal 1o
E’ = .23V - 0.059V-pH.

(5) 1120,+2H +2¢"—> H,0
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Estimation of the redox potential of the photochemically produced silver species in the zeolite
according 1o (2) is more involved. The potential difference AE between oxygen reduction {3) and
silver oxidation in the case of bulk silver (E%(Ag"/Agy.,) = 0.8 V) is well known 1o be negative
for pH values lower than 7.2,

6) AE=E° - Ef

A (don 20 H0) =-0.43V+0.059V - pH

The electrochemical potential of silver clusters in aqueous environment is a pronounced funclion
of cluster size as we know from the work of Henglein,” Mostafavi el. al.,'® and Yonezawa et.al."
Since coordination of Ag® in zeolile occurs partly by [ramework oxygen and partly by waler
molecules, the solvalion energy may be somewhat different from that in pure water. In the ab-
sence of betier information we assume that this difference can be neglected and that the solvaiion
free enthalpy in the zeolile can be approximated by the free enthalpy of hydration AG,.

Henglein stresses the occurrence of two different potentials for the silver sysiem:

o
Ap'log¥ag,
o
AgglogVag,

(7) metal-electrode potential Ag +Ag, . +e —> Ag,

(8) ionization redox polential Ag,+e”—>Ag,

The limit of the metal-electrode potential for bulk silver is equal 1o 0.8 V. We will show that the
corresponding ionization redox potential is equal 10 0.0 V.

The metal-electrode reduction potential of silver clusters can be calculaied from the thermady-
namic cycle 1 explained below, Energies are expressed in eV. In this and the following cycles we
neglect the [ree enthalpy of hydration of silver atoms and neutral silver clusters which is expecied
to be in the order of 0.1 eV or less’ and we always refer to room temperature,

Cycle 1 metal-electrode polential

Ag, - Agr 1 +Ag(g) -8G,(n)
Ag(g) = Agtlg)+e(g) 1P

Ag*lg) — Ag*lag) AG,(AgT)
e’(g) = o 2

Ag, L= ALy +Ag (ag) + enue aGquM;'lnﬂ
G, ouyas. = = [P+ 8G(Ag") + £~ 8Gy(n))

(9) Erooyas, = Pag +0G)(Ag)+E=8Gy(n) = -1.8eV~-4G,(n)
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. . ]
The electrochemical potential E‘:.{dﬂ,q_

depends on the ionization energy of silver atoms in the
gas phase Ip,,. the energy € involved in bringing an electron from the vacuum (infinity) to the
level of the standard hydrogen electrode, the free enthalpy of hydration AG,(Ag™) ol the silver
cation and on the binding free enthalpy AG,(n) of a silver atom 1o the silver cluster Ag,,. Ip,,,
€ and AG,(Ag™) are known. The binding free enthalpy AG,(n) of a silver atom to a cluster Ag,,,
has been measured for n = 1,2,3."* Plieth calculates the binding free enthalpy for larger clusters

from the free enthalpy change associated with the change in surface area in the transference of

one mole bulk metal to the dispersed form."”

(10) N,
Agy, == —Ag,
n

L

As a first approximation he considers the small particles as spheres of radius r. The surface area
and the volume of the particles are determined by the particle number n and the molar volume
V,of silver, If y represents the surface tension of silver particles the change of free enthalpy with
surface area A is given as:

(11} dG =7y dA A =4nr? ;:‘:H:n:f:
v, N2 v, Y
ac =§F[%] n~"dn dA =?L%] n™"dn

Integrating from Ny to n results in the following expression:

(12) AG(n)=c - [n* =N with c=;.:;{36rtNLVf,)“3=3.lT62 eV

The binding free enthalpy AG,(n) can be associated 10 AG(n) and 1o the free enthalpy of subli-
mation AG, =2.6 eV as follows:

(13) ~-AG,(n)=AG(n = 1)-AG(n)+AG,
~AG,(n)=2.6eV+c-[(n=1)"=n*

Inserting this result into (9) and substituting for Ip,, and & their numerical values of 7.6 ¢V and
-4.5 eV respectively, we obuain the astonishingly simple equation (14) for the metal-electrode
potential of silver clusters. Comparison of the experimentally available values for n = 1,2,3 with
the calculated values in Table | shows, that even for these small particles for which the theory is
not expected Lo be applicable the correct order of magnitude is obtained. Of course the oscillations
caused by the specilic electronic structure of the particles is not reproduced by (14). We conclude
that reliable values can be obtained for clusters of more than about 10 atoms.

(14) E° =08eV+c-[(n-1*"=-n"

Ag'lagyAg,

A similar expression can be derived for the ionization redox potential by means of cycle 2.
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Cycle 2 jonization redox potential

Ag,(Gqi 1 - Ag,(g) - =0
Ag.(g) - Ag (g)+e(g) IPag,
Ag.(g) 23 Agrlag) AG,(Ag,)
e™(g) =3 €NHE €

Ag,(ag) =3 Ag,(aq)+emue ﬂGJ\s.’f\s.‘ml
BG, - cayag, == [0+ 1Pag, + 8G,(Ag) +€]

(15) = Ip,, +AG,(Ag)) +e

0
Agylag¥ag,

The ionization redox potential depends on the ionization energy of the Ag,cluster and on the free
enthalpy of hydration of the cluster jon. Experimental values for /p,, , n = 1.2.3,4 have been

published and the free enthalpy of hydration AG,(Ag.) can be calculated from the Born equation.™

The first three redox potentials in Table 1 differ slightly from those reported by Henglein® because
in our calculation the small entropy contributions are taken into account.

able 1: Redoxpotential of silver clusters as calculated from equations (9), (14) and (13)

a ey )}

n ]p“’. AG,(Ag)) E:r."“)'de. AG,(n) E:g g,
1 7.6 -4.9 -1.8 0.0¢ -1.8 (-2.9)®
2 7.3 -39 -1il -1.27¢ -0.5 (-1.06)
3 6.2 -34 -1.7 -0.6° -1.2 (-0.76)
4 6.3 -3.1 -1.3 (-0.6)
10 (-0.2)
] dO (0.34)

oo 4.5 0.0 0.0 -2.6 +0.8

2)™, 0", ), d) values in parentheses have been calculaied from eq. (14).

Reparding the numerical values in Table 1 we conclude that it is reasonable to assume that the
silver species produced in the photoredox reaction (2) are stronger reductants than bulk silver.
Our information of the photochemically produced silver species regarding their size, geometry,
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clechonlic structure, and the influence of the zeolite environment on their redox polentals and
redox kinetics is su?l poor. It is highly desirable to design experiments that give us directly access
to these propenies in Lhe appropriate environment.

3. Reductive part

The reductive half reaction 3 in Figure | has been studied by many groups under u variely of

conditions. Two main fields can be distinguished, One is based on semiconductor particles und
the other on transition metal complexes, Both of them having their advantages and disadvantages.

it is oo early 1o judge which approach will be more successiul,

Let us first comment on the semiconductor particles approach comprehensively reviewed by
Memming."” An example is the system based on CdS particles also used by Reber el al.'* To
catalyse the photochemical H, evolution they coaled parts of the semiconductor surface with Pi,
The sysiem works very efficienty, especially if the CdS is doped with Ag,S, CdS as well as most
of the other semiconductors is not stable due 1o photecorrosion on the surface caused by ihe
photogenerated holes. It has been demonstrated Lo be stable, however, if the holes produced are
filled with elecrons. This is usvally done by working under so called sacrificial donor conditions
using eg. tertiary amines. In the case of CdS it was shown that the donor S* enhances both, the
stability of the semiconductor panticles and the H, evolution.

.A” especially elegant experiment has been carried out by Meissner, Memming and Kastening who
investigated a membrane consisting of small particles of single-crystalline CdS embedded in a
polyurethane polymer film."” With this set-up they were able 10 split the two half reactions in 1wo
cell compartments containing different elecuolytes and could therefore investigate hoth sides of
the particles separalely. Adding a catalyst onto one side of the CdS surface and addine S 1o the
solution on the other, they found H, production not only when using P1 as a catalyst but also with
‘Ruoz. usually known to catalyse oxidation processes. They concluded that almost every catalyst
is able to evolve H,, but it might not be possible to find conditions where O, and H, can be
evolved together from the same semiconductor particle, even when using specific calalysls. Many
other systems for H,-evolution are discussed in the literature. ' :

Regarding the approach via transition metal complexes we mention the investigations curried out
by Lehn et al.” For a complex consisting of a Ru(bpy),”” - Co™ combination simultaneous
evolution of CO + H, was reporied, when irradiuted in (HOCH,CH, )N and dimethyllormamide
containing CO,. Under the same conditions the photocatalyst (Re(bpy)XCO),X, X=Cl.Br} pro-
duced CO selectively. The rhenium complex did show much beller performance than the
[é'{ru(_bpy)j"‘(:o"} system, not only due lo its selectivily, but also due 1o its much higher
elMiciency,

Interesting complexes are obtained with p-phenyl-terpyridine (pipy) as a ligand.™ In a recent study
of M(11,d%)-4"-ptpy complexes il was shawn that it is reasonable 1o describe the excited MLCT
state as [(LIM(IIN(L )] because the perpendicular conformation of the two ligands causes all &
orbilals (0 be twofold degenerate and therefore a small distortion is sufficicnt 1o stabilize the
localized sitwation.” We have also observed that the [Re(ptpy)(CO),Cl] complex reduces CO,
under appropriale conditions in a similar way as described by Lehn for the [Rethpy)(CO)Cl).
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4. Coupling oxidation/reduction

Having photoredox reactions at our disposal for the oxidation reaction 1 in Figure 1 and lor the
reduction reaction 3, time has come 10 try and realize the coupling 2 of them. We have already
argued that 2 has 10 be realized by means of a membrane that is able 10 transport electrons and
protons and to prevent recombination reactions. Carbon monoxide as well as hydrogen (Red4) are
capable of reducing Ag” zeolites. Studying the reaclivity of carbon monoxide with Ag” ions in
some detail we have found™ that at room temperature silver oxide and silver carbonate react much
faster than Ag*-A zeolites, the kinetics of the latier reaction showing a pronounced dependence
on the water content and a significant dependence on the exchange conditions; no reaction takes
place in the absence of water, Immersion of the stable dry Ag*-CO zeolite complex in an alkaline
aqueous environment, however, resulls in immediate reduction of Ag®. These studies do support
our opinion that the whole system can only work with a membrane that prevents material ex-
change between the two parts, but enables the transfer of electrons and protons.

By now we are not concerned about proton transport, a problem that might become imponant in
a later stage. To bring electrons from 1 to 3 sufficient electron conductivity across the zeolite is
necessary. Experimental studies have led 1o the result that the resistance of even very thin silver
zeolite pellets is by orders of magnitudes 100 high to guaraniee sufficient electron conductivity.
The cause of the far 100 high resistance lies in the interphase of the grain boundaries. We have
therefore developed a simple and fast technique for preparing monograin zeolile layers by co-
valently linking 1 pum sized zeolite A, 0.2 um sized zeolite Y, and also zeolite L particles in a
photochemical modification as a dense sheet onto an elecrode which shows the silver reduction
and oxidation steps in the zealite to be quasi reversible.” Our technique can be extended 1o many
different substrates. Up 1o now we have applied it to P1, graphite, glassy carbon, glass. quariz and
to lin dioxide.

Let us state that in the cyclic voltammograms observed with a dense monograin layer of silver
zeolite A on a Pt electrode a shift of the cathodic and the anodic peak potentials with respect 1o

silver bulk is observed.™ This indicates the formation of Ag]"* species as discussed in section 2.
However further experiments are needed to support this interpretation.

We have seen that the problem of the transport processes on the zeolite part very likely can be
solved. Let us therefore wry to become more specific regarding the coupling of the oxidative and
the reductive parts. Two appealing possibilities to combine the two halt-reactions are explained
in Figure 3.

The first one is to combine a semiconductor particle with a silver zeolite, Excitation of the
semiconductor delivers the electrons o reduce protons. The holes produced in this process re-
combine with the electrons delivered by the reduced silver zeolite. A problem demanding careful
consideration is the junction between zeolite and semiconductor. Combination of the silver zeolite
with an appropriate metal complex able to photo-reduce water or CO, is another possibility. It
leads to an interesting coupling scheme between LMCT and MLCT states.™
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=< hv,

2H’

hv.
B o (ploy)Re(COpCl € NV,
|
20, + 2H ) 21 CO, + 2H”
Figure 3: Possibilities of coupling the two half-reactions 1 and 3 in Figure | separaied by a

membrane. In both cases the silver zeolite photoredox system is used Lo drive the water oxidation.
The water reduction is either ach:eveg by semiconductor panicles, top, or by an inorganic metal
complex such as (ptpy)Re(1)(CO),CL™ [Ru(l)(bpy),)* and others.

Acknowledgement
This work was supported by grant No, 20-28528.90 of the Schweizerischer Nartionalfonds zur

Forderung der wissenschaftlichen Forschung and by grant BEW-EPA 217.307 financed by the
Schwelzerisches Bundesamt fiir Energiewirtschaft.

257

(1

(3]

(4]
(5]
(6]

(7

(8]
(9
[10]

(1]
(12)
(13)
(14)
(15)

(16)

(17
(18]

(19)
(20)
(21]
(22]
(23]

(24]
(25)

References

fa) T.J. Meyer, Acc. Chem. Res., 1989, 22, 163; (b) E. Pelizzeui, M. Schiavello (eds.},
Photochemical Conversion and Storage of Solar Energy, Kluwer Academic Publishers,
Dordrecht, 1991.

G. Calzaferri, 'Solar Energy 88', Proceedings 3rd International Summer School, Ka-
prun/Austria, August 3-13, 1988, G. Faninger (ed). /FF, Klagenfurs, 1989, 119.

(a) G. Calzaferri, B. Sulzberger, J. Photochem., 1982, 19, 321; (b) G. Calzaferi, S. Hug,
Th. Hugentobler, B. Sulzberger, ibid., 1984, 26, 109; (c) G. Calzaferri, W. Spahni, ibid.,
1986, 32, 151; (d) G. Calzaferri, W. Spahni, Chimia, 1986, 40, 435 and 1987, 4/, 200:
(e) R. Beer, G. Calzaferri, W, Spahni, ibid., 1988, 42, 134,

G. Calzafemi, L. Forss, Helv. Chim. Acra, 1986, 69, 873, and, 1987, 70, 463.
G. Calzalerm, R. Holtmann, J. Chem. Soc. Dalion, 1991, 917.

D. W, Turner, C. Baker, A.D. Baker, C.R. Brundle, Moleculur Photoelectron Speciro-
scopy, Wiley-Interscience, London, 1970.

B. Levy, Photogr. Sci. and Engr., 1971, 15, 279, B. Levy, Photochemical Conversion
and Storage of Solar Energy, E. Pelizzelli, M. Schiavello (eds.), Kluwer Academic
Publishers, Dordrecht, 1991, p. 337.

R. Holfmann, Solids and Surfaces, VCH Weinheim, 1988,
. Henglein, Ber. Bunsenges. Phys. Chenm., 1990, 94, 600,

. Mostafavi, J.L. Marignier, L. Amblard, J. Belloni, Rad. Phys. Chem., 1989, 34, 605:
. Mostafavi, J.L. Marignier, L. Amblard, J. Belloni, Z Phvs. D, 1989, /2, 31.

. Yonezawa, K. Kawai, M. Okai, K. Nakagawa, H. Hada. J. /mag. Sci., 1986, 30, 114,
. Hilpert, K.A. Gingerich, Ber, Bunsenges. Phys. Chem., 1980, 84, 739.

W.J. Plieth, J. Phys. Chemn, 1982, 86, 3166.

K. Franzreb, A, Wucher, H. Oechsner, Z Phys. D, 1990, 17, 51.

R. Memming, Topics in Current Chemisiry, 1988, 143, 79.
R. Memming, Photochemical Conversion and Storage of Solar Energy, E. Pelizzelti, M.
Schiavello (eds.), Kluwer Academic Publishers, Dordrecht, 1991, p. 193.

N. Bihler, K. Meier, J.-F. Reber, J. Phys. Chem., 1984, 88, 3261;
J.-F. Reber, M. Rusek, ibid, 1986, 90, 824.

D. Meissner, R. Memming, B. Kastening, Chem. Phys. Leners, 1983, 96, 34.

A. Harriman, M.A. Wesl, Photogeneration of Hvdrogen, Academic Press, London, 1982;
A. Moradpour, E. Amouyal, P, Keller, H. Kagan, Nouv. J. Chim., 1978, 2, 547; C.A.
Craig, L.O. Spreer, J.W. Otvos, M. Calvin, J. Phys. Chem., 1990, 94, 7957.

1. Hawecker, J.-M, Lehn, R, Ziessel, J. Chem. Soc., Chem. Commun., 1983, 536,
W. Spahni. G. Calzaferri, Helv, Chim. Acra, 1984, 67, 450.

E. Amouyal, M. Bahout, G. Calzalerri, J. Phys. Chem., 1991, 95, 7644,

G. Calzaferri, W. Suter, B. Waldeck, J. Chenw. Soc., Chem. Commun., 1990, 485.

(a) G. Calzaferri, K. Hiidener, J. Li, J. Chem. Soc., Chem. Commun., 1991, 653,
(b) M.D. Baker, J.-Zhang, J. Phvs. Chem., 1990, 94, 8703,

AR PP >

* R. Beer, G.Calzaferri, J. Li, B. Waldeck, Coord. Chem. Rev., 111 (1881) 193,

Gion Calzaferri', Konrad Hidener and Jianwei Li J. Photochem. Photobiol. A: Chem., 64 (1992) 259-262

258



