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I. Introduction.

For the past twelve years or so there has been consider-
able interest in model systems for the production of hydro-
gen by the photoreduction of water. One of the systems
most actively studied is an electron transfer sequence con-
taining four components: a sacrificial electron donor D, a
photosensitizer P, an electron relay R and a catalyst {1-4].
Typically in this system a photosensitizer P is illuminated
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with light and converted to its excited state P*. An elect-
ron is passed from the excited state of the photosensitizer
by quenching to a suitable electron relay R converting the
electron relay to its one electron reduced from R~. In the
process the photosensitizer is oxidized to P*. The oxidized
photosensitizer P* is reduced back to its original state P by
a sacrificial electron donor D. In the presence of a suitable
catalyst the reduced form of the electron relay R~ is able to
reduce water to hydrogen (H,0 — 15H, + OH") and is it-
self in the process oxidized back to R. The overall process
thus involves reduction of water to hydrogen at the ex-
pense of a sacrificial electron donor. The electron donor is
frequently ethylenediaminetetraacetic acid (EDTA) or
2-mercaptoethanol, the photosensitizers are often ruthen-
ium complexes such as Ru(bpy),**, where bpy stands for
2,2"-bipyridine, or zinc porphyrins while the catalyst is
usually a form of platinum or a hydrogenase. The electron
relay is usually methyl viologen (MV?*) (1) or one of its
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derivatives. Methyl viologen is named as 1,1'-dimethyl-
4,4"-bipyridinium dichloride and is the widely used her-
bicide paraquat. Methyl viologen has long been known to
be reversibly reduced in aqueous solution by a one elec-
tron transfer at a potential (E,) of -0.45 V to the violet
stable radical cation (MV*?) (2). While methyl viologen was
the electron relay used in many of the early experiments
on the photoreduction of water in the past decade several
relatives of it have been studied as electron relays or
mediators. ‘

Continuing our longstanding interest in the chemistry
and uses of bipyridinium salts [5,6] the purpose of this arti-
cle is to review diquaternary salts of 4,4"-bipyridine (i.e.
analogues of methyl viologen) which have been invest-
igated as potential electron relays for the photolysis of
water. The review provides coverage of work reported to
mid-1990. Because of the diversity of journals in which
work on this topic is published comprehensiveness is not
claimed.

The review is divided into the following sections: di-
quaternary salts of 4,4"-bipyridine 3, R = R)and 3; R #
R’), diquaternary salts of 4,4"-bipyridine containing ring
substituents, zwitterion diquaternary salts of 4,4'-bipyri-
dine (e.g. 4), diquaternary salts of 2,2"-bipyridine (i.e. the
herbicide diquat 5 and its derivatives), viologens linked to
porphyrins, viologen polymers and pendant viologens on
polymers, and miscellaneous viologens.
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II. Diquaternary Salis of 4,4"-Bipyridine (3, R = R’) and
@3, R # R)).

Several papers have reported results which confirm that
simple higher alkyl analogues of methyl viologen (e.g. 3, R
= R’ = CH,, C;H,, CH(CH,),, C.H,, C,C,s, (CH,),0H,
benzyl) also quench the excited state of Ru(bpy),** [7,8]
and metal porphyrin sensitizers [9,10] in homogeneous
aqueous systems and if a catalyst is present hydrogen is
produced although there is no evidence to suggest that
these higher homologues are more effective than methyl
viologen itself in producing hydrogen [1, 10-13). Some-
times unwanted complex formation between viologen and
sensitizer has been observed when the sensitizer is an
anionic one such as a metal meso-tetraphenylporphyrintri-
sulfonate [10,14]. Hydrogen production rates are best
when the viologen has a reduction potential (E,) of about
-0.45 V which is close to the value for methyl viologen
[1,15] and when experiments are conducted near pH 5.0
[15]. Other photosensitizers have also been investigated
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(8,16-19]. Two reports claim no ruthenium or porphyrin
photosensitizer is required [11,20].

One of the most important problems in the four compo-
nent system for the photoreduction of water is the rate of
the back electron transfer from the reduced relay R~ to the
oxidized photosensitizer P* resulting in regeneration of
the original compounds R and P. Unfortunately this back
reaction is fast when, for example, the reduced relay is the
methyl viologen radical cation (2) and the oxidized
photosensitizer is Ru(bpy);**. This problem curtails con-
siderably the efficiency of the overall electron transfer pro-
cess for the photoreduction of water. Much effort has gone
in to trying to overcome this difficulty.

One approach to retarding the rate of the back electron
transfer has been to use surfactant diquaternary salts of
4,4'-bipyridine containing a long alkyl quaternizing group
such as the 1-methyl-1"-tetradecyl-4,4"-bipyridinium cation
(C14MV?) (6) as electron relay in the presence of cationic
micelles such as cetyltrimethylammonium chloride
(CTAC). The forward electron transfer from the sensitizer

CH, ¥

Ru(bpy)s?* to relay occurs in the aqueous phase. The back
electron transfer, however, is considerably retarded. This
is attributed to rapid solubilization of the reduced form of
C,.MV?, that is the radical cation C,;MV"*, into the
micelles due to its increased hydrophobicity and subse-
quent electrostatic repulsion between the cationic
assemblies and the oxidized form of the photosensitizer
Ru(bpy)s?*, namely Ru(bpy);** [21]. Similar results were
achieved with a number of other surfactant diquaternary
salts of 4,4"-bipyridine (3, R = CH;, R’ = Ci,H,s, C6Has
or C;sH;;) using the cationic zinc porphyrin photosen-
sitizer 7 (ZnTMPyP*) as well as Ru(bpy),**. Cationic
micelles such as octadecyltrimethylammonium chloride
and dodecyltrimethylammonium chloride can replace
CTAC [22). The back electron transfer rate constant can in
favorable cases be decreased 500-1000 fold. The stabiliza-
tion and yield of redox products are optimal in a system
containing ZnTMPyP** as sensitizer, C,,MV?** as relay and

CTAC micelles [22). In the presence of platinum catalyst
and a sacrificial electron donor, EDTA or nicotinamides,
hydrogen is produced on illumination of the system [23].
These aspects have been reviewed [24-27] and extended to
include the use of the hydrophobic sensitizer zinc tetra-
phenylprophyrin (ZnTPP) solubilized in the redox surfac-
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tant [28,29] and an amphipathic sensitizer Ru[NV,N'-di(do-
decyl)-2,2"-bipyridine-4,4"-dicarboxamide-bis(2,2"-bipyri-
dine)]** [30,31]. The surfactant and micellar properties of
long-chain viologens have been the subject of further
study [32-38] and improved platinum catalysts for use in
these systems have been developed [39]. Of interest is a
study of amphipathic viologens with long alkyl chains with
a naphthyloxy group such as 8. Viologens of this type form
micelles and show charge transfer absorptions between the
naphthyloxy group as donor and the viologen group as ac-
ceptor. In this case the charge transfer complexes were
shown to be of value in assisting electron transfer between
the viologen and amphipathic metal complex sensitizers in
molecular assemblies [40].

0. + =N
CrY e Do
CHa(CH,), = Z
.

As well as cationic micelles, cationic vesicles have been
used to induce charge separation and electron storage ef-
fects. Vesicles have the advantage over conventional
micelles in that they are formed at much lower surfactant
concentrations. Moreover, they provide compartmented
systems of inner and outer phases allowing for the local
separation of processes involved in the photoreduction of
water. Typical cationic vesicles or bilayer membranes can
be formed from dioctadecyldimethylammonium chloride
(DODAC) which forms spherical aggregates. Using
C..MV?* as relay and Ru(bpy),** or ZnTMPyP*" as sen-
sitizer, the reduced form of C,,MV?, that is C,sMV*, is
readily entrapped in the DODAC aggragates. Retardation
of the back reaction is achieved being at least fifty times
slower than in the vesicle free solution. When EDTA and a
platinum catalyst were added and the heterogeneous mix-
ture illuminated hydrogen was generated although at a
slower rate than for the homogeneous system using methyl
viologen [41]. Further study of alkylmethyl viologens in
DODAC aggregates has been reported [42]. In earlier
reports the viologen (3: R = C,Hs, R' = C;sH;;) was incor-
porated into the bilayer membrane of didodecyldimethyl-
ammonium bromide along with the amphipathic ruthen-
jum sensitizer Ru[NV,N'-di-(dodecyl)-2,2"-bipyridine-4,4'-
dicarboxamide-bis-(2,2"-bipyridine)]**. It was shown that in
some circumstances the photochemical behaviour of the
system would allow the electron to migrate sufficiently
from the sensitizer so that the reverse electron transfer
could not easily take place [43,44].

Anionic micelles and vesicles have also been invest-
igated. In the presence of sodium dodecylsulfate (SDS)
micelles, the rate of quenching of excited Ru(phen),** sen-
sitizers, where phen stands for 1,10-phenanthroline,

decreased as the alkyl chain length increased with the
viologens (3, R = R’ = C,Hs, C;H;, C,H,, iso-C;H,,
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CsH,s) and 3, R = CH;, R” = C¢H,;) due to the alkyl
chain being buried in the interior of the micelle [41,45].
Further studies with ruthenium [46] and anionic
palladium porphyrin [27] sensitizers and viologens in SDS
micelles have been reported. Quenching of excited
Ru(bpy);?* by the viologen (3, R = C;H;, R' = C,sH,3) in
ethylene glycol-water mixtures in the presence of SDS
micelles has also been reported [47] at room and low
temperatures and an electron spin resonance study of
charge separation in frozen SDS micellar solutions con-
taining Ru(bpy);?* and various alkyl methyl viologens has
been described [48].

Some interest has also been shown in anionic vesicles
from dihexadecyl phosphate (DHP). Photoexcited
ZnTMPyP# adsorbed onto DHP vesicles is quenched by
alkylmethyl viologens (3, R = CH;, R’ = C,,H, or
C,6H3;) which were also DHP bound. When amine donors
are present in the solution cyclic photosensitized redox
transfer occurs with the net formation of viologen radical
cations. When an oxidant, such as Fe(CN)s* is incor-
porated within the vesicle inner aqueous phase accumula-
tion of reduced viologen is retarded suggesting that the

viologens are capable of acting as transmembrane charge
relays [49]. If an anionic sensitizer is used such as
ZnTPPS* (9), negligible photoredox chemistry occurs
with alkylmethyl viologens C,MV?* because the sensitizer
and viologen are nearly completely ion-paired. However,
in the presence of DHP vesicles the alkylmethyl viologens
bind preferentially to DHP vesicles whose negative charge
provides electrostatic repulsive forces sufficient to prevent
ZnTPPS* association. Consequently formation of discrete
photoproducts, ZnTPPS?*" and C,MV*" becomes possible.
Because C,MV*' remains bound to DHP, from which
ZnTPPS* is also repelled the back reaction is effectively
retarded [50). The binding environment of long chain
viologens in DHP vesicles has been the subject of chemical
studies [51,52] and related electron spin resonance in-
vestigations have been reported [42].

S0y
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There has been considerable interest in the use of zwit-
terionic phospholipid vesicles such as phosphatidyl-
choline derivatives 10 which afford bilayer membranes. In
a basic study with this type of system an amphiphilic
ruthenium complex, Ru[N,N'-di-(dodecyl)}-2,2-bipyridine-
4,4'-dicarboxamide-bis(2,2"-bipyridine)}** as sensitizer was
incorporated in the membrane wall. An electron donor
EDTA was entrapped in the inner aqueous compartment
of the vesicle and heptyl viologen (3, R = R’ = C;H,;)
(HV?) as electron acceptor was introduced into the outer
aqueous phase. On illumination an electron transfer pro-
cess across the vesicle wall was initiated and reduced HV*-
was produced. The excited sensitizer transfers an electron
to HV?* in the primary event. The oxidized sensitizer Ru**
thus produced oxidizes a Ru** species to Ru®" located at
the inner surface of the vesicle and thereby separation of
the intermediate photoproducts is assisted. The further
oxidation of EDTA regenerates the sensitizer and conse-
quently the separation of the reduced species HV*" from
the oxidized product is achieved. However the quantum
yield for the reaction is very low. The transmembrane elec-
tron transfer was found to be the rate limiting factor for
the overall reaction and the origin of the low efficiency. In-
corporation of cation carriers into the vesicle system can
improve the efficiency somewhat [53-56]. Early studies [57]
and further developments with this type of system have
been reported [58]. In another variation, the inner com-
partment contained the water soluble sensitizer Ru(bpy),**
and EDTA, a water insoluble viologen relay (3, R = R' =
CioH1, Ci4Hyo or CysHs;) was embedded in the lipid mem-
brane and the outer solution contained Fe(CN),*~. On
illumination electron transfer from excited Ru(bpy);** to
Fe(CN)s*~ was achieved [59,60] with quantum yields
greater than for systems where a photoactive sensitizer is
incorporated in the membrane rather than in the inner
compartment. Further developments have been reported
[61-64]). While bilayer membranes are good model systems
charge separation of the primary redox pair is difficult to
achieve with high efficiency in the viscous environments
of these systems [31,44). In other related publications alkyl
viologens (e.g. 3, R = R’ = CH,, C,H;, C;H,, C,H,,
CsH,,, CeHys, C,H,s, CeH,5, CyoH,,, benzyl) and 3, R =
CH,;, R’ = C,,H,s) were found to quench the excited state
of chlorophyll a incorporated in the phospholipid vesicles.
They are more effective as quenchers as they become less
water soluble since they are more likely to be incorporated
in the membrane. However, the efficiency of radical cation
formation then decreases and the rate of reverse electron
transfer increases. For the chlorophyll a and viologen
radical cations to separate efficiently the viologen radical
has to be able to diffuse from the membrane to the water
phase at a rate that competes effectively with the reverse
electron transfer [65]. The exit rate constant from the
vesicles decreases as the chain length increases [66]. In
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other studies electron transfer kinetics with the viologens
3, R = R’ = CH,, C;H,, C,Has, C.:H,, Ci6Hys, CisHis
and (CH,);N*.CH,.CH,.CH,) in various phospholipid mem-
branes and with Ru(bpy);** as sensitizer have been
reported [67] and an electron spin resonance study of the
photoionization yields of various alkylmethyl viologens in
phospholipid vesicles has been described [42].

Some work has been reported involving solvents other
than water. Microemulsions (water-in-oil and oil-in-water)
in particular have been studied. These offer hydrophilic-
hydrophobic two phase systems. Following on from earlier
work using (3, R = R’ = C,;Hj;) [68] it has been shown
that in a water-in-oil (toluene) system in the presence of
surfactant using Ru(bpy),** as sensitizer, an ammonium
salt of EDTA as electron donor and the electron relays (3,
R = R' = CH,;, C.H,, CsH,s, CsH,7, CiaHyo, C,sHs,) the
photoproducts C,V*' and Ru(bpy);** were stabilized
against recombination when the alkyl groups were hexyl

or higher. This was attributed to the function of the oil-
water interface in extraction of the amphiphilic photopro-
ducts C,V*- [69]. Other work on similar microemulsions
has been reported [70,71]. In a two phase system using
water and cyclohexane, hydrogen has been generated by
irradiation of the aqueous phase incorporating EDTA,
Ru(bpy)s** and octyl viologen (3, R = R’ = C3H,;) and us-
ed to hydrogenate acetylenes dissolved in the organic
phase which also contained the platinum or palladium
catalyst [72]. In a three phase liquid system an ethylene
dichloride organic phase was placed between two aqueous
phases. ZnTPPS*, cetyltrimethylammonium bromide, the
viologen (3, R = R’ = C¢H,;) and an electron donor such
as Na,$,0; were placed in the first aqueous phase. In the
second aqueous phase an electron acceptor such as flavin
mononucleotide was present. On illumination of the first
aqueous phase an electron was transported across the
organic phase and reduced FMNH was formed [73].

Reverse micelles have also been studied. For example,
water can be readily dispersed in an organic medium such
as isooctane using Aerosol OT (sodium 2-ethylhexylsulfo-
succinate) as dispersant. AOT possesses a hydrophilic
head which in the presence of water leads to the formation
of aggregates of colloid dimensions in non-polar solvents.
They constitute reverse micelles. Using the water insoluble
sensitizer magnesium tetraphenylporphyrin it has been
confirmed that photoelectron transfer occurs across the in-
terface with viologens including heptyl viologen (3, R =
R' = C,H,;s5)[74]. Other work on reverse micelles has been
reported [46]. A good review of the background to micro-
emulsions, micelles and vesicles is available [75]. Further
recent work in oil-in-water and water-in-oil micelles and
microemulsions has been reported [76].

In a study in mixed organic-water solvents involving the

viologens (3, R = R' e Csz, C4H9, C6H13’ C7H15, C8H17,
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C.oHzi, Ci2H,s, CiuHas, CigHsj, and CisHj;) and using the
water insoluble zinc meso-tetraphenylporphyrin as the
sensitizer it was found that one of the best systems for
light induced redox reactions involved dodecyl viologen
stabilized by a cationic surfactant such as hexadecyltri-
methylammonium chloride with 6% dimethyl formamide
or dimethyl sulfoxide. If the organic solvent content rose
above 20% reduction decreased dramatically. Some
hydrogen bubbles were evolved on addition of EDTA and
platinum catalyst [77].

Polyelectrolytes have also been used as media for quen-
ching reactions [e.g. 78]. As a specific example the rate of
quenching of Ru(phen);?* by benzyl viologen 3, R = R' =
benzyl) in polyvinylsulfate solution was enhanced com-
pared with that in water. This is attributed to the sen-
sitizer and the relay being concentrated into the anionic
polymer domain due to electrostatic and/or hydrophobic
interaction [79].

Miscellaneous items worthy of note include the follow-
ing. Photoexcited carbazole covalently attached to anionic
polymer latex particles such as sodium p-styrenesulfonate
was quenched in aqueous solution with the viologens (3, R
= R' = CH,, C,H;, C,H, and C¢H,3), the quenching being
more efficient as the chain length increased due to the
viologen entering the more hydrophobic region [80].
Quenching of excited Ru(bpy);?* by viologens (3, R = R’
= CH,, C,H;, C,H, and CgH,,) in various environments
including a polystyrenesulfonate polyelectrolyte and a
polystyrene latex, not surprisingly, changed drastically
depending on reaction environment [81]. Miscellaneous
electron transfer quenchings by various viologens in-
cluding quenching of rhodamine B in solid polymer films
[82] and monolayers [83], quenching of rutheniun-
arachidic acid assemblies [84] and indigo derivatives [85]
have been described. Several viologens, for example, 3 (R
= R’ = C;,H;s) and 3 (R = CH;, R’ = C,,H,,) have been

useful in studying quenching rates and back reactions
with various new ruthenium sensitizers [2]. The asymmetry
of quenching in an asymmetrically sensitized photoreac-
tion involving a 1-methyl-1"-pinanyl derivative of 4,4"-bi-
pyridine and enantiomers of Ru(bpy),** as sensitizers has
been reported [86]. Bolaform amphiphiles with viologen
head groups form vesicles but the polyene bixin
chromophore is unstable [87]. On a pessimistic note,
although excellent for developing optimum conditions, the
four component system of electron donor, sensitizer, elec-
tron relay and catalyst for the photoreduction of water is
not really suitable for practical solar energy devices due to
the presence of the sacrificial electron donor. It is
necessary to replace the sacrificial electron donor with a
system capable of oxidizing water to oxygen. This is very
difficult to achieve using a viologen as a relay [88]. A solar
to electricity conversion device employing triethanolamine
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as electron donor, Ru(bpy),** as sensitizer and 3 (R =
CH,, R’ = C,sH,,) confined within an anodic aluminium
oxide film as electron relay has been constructed on a gold
electrode [89].

Some work involving viologens has been reported on the
use of TiO, and CdS as photosensitizers or semicon-
ductors. Hydrogenases immobilized on TiO, or CdS
powders gave an irradiation in the presence of EDTA and
the viologens 3 (R = R’ = CH; or C;H;;5) and 3 (R = CH;,
R’ = CuHjs) yields of hydrogen comparable to the
platinum catalysed reaction [90]. Hydrogen is also
generated by illumination of ultrafine TiO, particles in
alkaline medium in the presence of 3 (R = CH,;, R’ =
C..H,5) and platinum [91]. Photosensitized CdS transfers
an electron to 3 (R = R’ = C,H,;) in non-aqueous media
{92].

As well as the problem of needing to retard the back
electron transfer from reduced R~ to the oxidized photo-
sensitizer P* the use of viologens as relays causes dif-
ficulties due to the fact that they themselves can react with
hydrogen to form hydrogenated derivatives such as 11 and
12 which no longer can participate as electron relays. The
viologen is thus slowly removed from the system. In an ef-
fort to circumvent this difficulty it has been found that
cyclodextrin inclusion complexes of vioclogens with hydro-
phobic tails such as 3 (R = C,Hs, R' = C,,H,;) greatly in-
creased the ability of the viologen to resist hydrogenation
[93] and resulted in enhanced hydrogen yields per violo-
gen consumed. Others have confirmed the usefulness of
cyclodextrins [94]. When an anionic zinc porphyrin was us-
ed as sensitizer the viologens (3, R = R" = CgH;, or ben-
zyl) were photoreduced in the presence of -cyclodextrin
to their respective radical cations, the inclusion complexes
between the viologen and cyclodextrin preventing the
viclogen from forming unreactive ion-pairs with the

anionic photosensitizer.
N+

11 12

III. Diquaternary Salts of 4,4'-Bipyridine Containing Ring
Substituents.

An extensive study of several methyl, ethyl and phenyl
ring substituted derivatives of 3 (R = R' = CH;, C,H;
and benzyl) as well as some ring substituted derivatives of
diquat (3) and its trimethylene analogue (13) has been
described [96]. In homogeneous aqueous solution using
EDTA as electron donor, Ru(bpy),** as sensitizer and
platinum as catalyst it was found that the yields of hydro-
gen at pH values of 5.0 and 7.0 were best with compounds
with reversible reduction potentials (E,) near -0.5 and -0.7
V respectively provided they were stable. Kinetic measure-
ments showed that the rate of quenching of excited
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Ru(bpy);?* decreased and the rate of the catalyzed reduc-
tion of water increased as the potential became more

CH, CH,

7 \
ca, N —¢ “N-cn,
=N N= = =

2L 2

negative. The main loss of the diquaternary bipyridinium
compounds during irradiation is caused by catalytic
hydrogenation. Therefore compounds that are more resis-
tant to hydrogenation than methyl viologen are more ef-
fective in the production of hydrogen provided their
potentials fall within the required range. In practical
terms the methyl ring substituted analogues 14 and 15
were more effective than methyl viologen. The addition of
sulfur compounds such as glutathione to the reaction mix-
ture suppressed unwanted side reactions and gave improv-
ed yields and rate of formation of hydrogen especially us-
ing 15 [97]). Other work with methyl substituted derivatives
of methyl viologen has been reported [98].

CHy CH,
+ I N+
N 7/ -
CHj A / N-CH,

CHy 15 CH,

The tetramethyl ring substituted analogue 15 of methyl
viologen has also been found to be an excellent electron
relay in the production of hydrogen in a system using tri-
ethanolamine as donor, the xanthan dye Rose Bengal (16)
as sensitizer and platinum as catalyst at a pH value of 9.0.
The photostability of the dye was enhanced when it was
bound to a poly(vinyl-pyrrolidone) polymer [99]. The ring
substituted derivative 17 is an effective electron relay

CH,3

“%:NQ—CN*HQ"“ <:
CH, SO3

17

) SZQ

for the production of hydrogen using another xanthene
dye, eosin, as sensitizer, triethanolamine as donor and
platinum as catalyst. Colloid particles of Si0, assisted the
separation of the primary redox products [100]. Methyl
ring substituted analogues 14 and 15 have been used in a
study of the production of hydrogen with the new
photosensitizer Ru(bpyz),;**, where bpyz stands for
2,2"-bipyrazine [101,102].
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In a very interesting recent development working at pH
7.0 and using triethanolamine as donor, the new
ruthenium complex (19) from a terpyridine as sensitizer,
14 as electron relay and platinum as catalyst, hydrogen
was obtained on irradiation in quantum yields claimed to
be the best so far with ruthenium complexes. Interestingly
hydrogen was liberated without the presence of 14 but not
in as good yield [103].

IV. Zwitterion Diquaternary Salts of 4,4"-Bipyridine.

A development which has generated considerable in-
terest is the use of zwitterionic viologens such as 4 as elec-
tron relays instead of methyl viologen analogues. The zwit-
terionic viologen 4, abbreviated as PVS, has a reduction
potential (E,) of -0.37V which is slightly higher than that of
methyl viologen. On one electron reduction it forms rever-
sibly a radical anion 18 unlike the situation with methyl
viologen which on one electron reduction gives the methyl
viologen radical cation 2. This charge difference on one
electron reduction creates great ramifications in the use of
4 as an electron relay for the photoreduction water. Com-
pound 4 is synthesized by reaction of 4,4'-bipyridine with

1,3-propanesultone [104].

N/ \ / \N + —_—

0@ - 25
SO;

In particular much research has been conducted with
systems using 4 in the presence of negatively charged SiO,
colloids. With Ru(bpy),** as sensitizer it was found that
the quenching of Ru(bpy);** by 4 was not affected by the
negatively charged SiO, particles but the back electron
transfer between the oxidized photosensitizer Ru(bpy),**
and PVS~ was substantially retarded in the presence of
the Si0, colloids. This retardation is attributed to elec-
trostatic repuision of the radical anion PVS~ from the ox-
idized sensitizer Ru(bpy);** which is adsorbed on the
negatively charged SiO, particles. The importance of the
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surface potential of the SiO, colloids in retarding the back
reaction was demonstrated by varying the ionic strength
and pH of the medium [105]. Illumination of Ru(bpy),**

ZnTMPyP** in the presence of an electron donor and Si0,
suspensions thus leads to rapid formation of the radical
anion PVS™"in a quantum yield of 0.37. In the absence of
Si0, the quantum yield of PVS~" was only 0.038 [53, 106].
The SiO, colloids thus provide an especially effective
solid-liquid interface with a very high negative surface
charge density that can retard back reactions while allow-
ing the forward reaction with a neutral electron acceptor
to proceed. Replacement of the positively charged sen-
sitizers by the anionic zinc meso-tetraphenylporphyrin-
tetrasulfonate (ZnTPP,*) as expected resulted in a low
quantum yield (0.016) of PVS~". Thus repulsion of the two
negatively charged photoproducts by the SiO, particles
allows a recombination rate similar to that observed in the
homogeneous reaction (0.012) in the absence of Si0, col-
loids. It has been confirmed that colloidal SiO, can retard
the reverse electron transfer in a system using triethanol-
amine as donor, Ru(bpy),?* as sensitizer and 4 as electron
relay. Interestingly alkyl ring substituted analogues of 4
such as 20 and 21, the latter having an E, value of -0.54V,
were more effective then 4 for the production of hydrogen

20
due to their lower reduction potential and greater stability
against hydrogenation [107). In basic solution (pH 9-10)
using the same donor and sensitizer, PVS is too weak a
reductant to produce hydrogen but the use of the zwit-
terionic derivative from 2,2"-bipyridine 22 which has a low
redox potential (E, = -0.75 V) enabled hydrogen to be pro-
duced in the presence of platinum catalyst and SiO, col-
loids [108,109]. No hydrogen was obtained in the absence
of Si0,. Hydrogen is also produced in aqueous systems
(pH 9.8) with semi-conductor Ti0, modified SiO; colloids
using 22 as electron relay in uv light or with the addition
of Ru(bpy);** in visible light. Platinum was the catalyst

[110].

Q.
IN)
SQ:'/| so; \/’ S0;
22 23
A new zwitterion bridged 2,2"-bipyridinium salt (23)
which has an E, value of -0.65 V is superior to 22 for the
production of hydrogen at pH8-9.2 using Ru(bpy):** as

sensitizer, triethanolamine as donor and platinum as
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catalyst both in homogeneous solution and in the presence
of Si0, colloids. The salt 23 shows completely reversible
redox behaviour whereas 22 does not [111].

In miscellaneous items PVS (4) in the presence of Si0,
colloids has been used as a mediatory electron acceptor in
the photoinduced reduction of anthraquinone sulfonates
using Ru(bpy);** as sensitizer and triethanolamine as elec-
tron donor [112].

A number of investigations with zwitterionic diquater-
nary salts of 4,4"-bipyridine in the absence of SiO, colloids
have also been described. The rate of quenching of
ZnTPPS;*" with PVS was less than that with methyl
viologen but the back electron transfer rate was also less
due to repulsion of the negatively charged PVS~ by the
oxidized ZnTPPS;* [113]. Somewhat similar results were
achieved with a polymeric anionic sensitizer. Here, PVS~
accumulated three times faster than the methyl viologen
radical cation due to retardation of the back reaction.
With a polymeric cationic sensitizer, however, there was
no significant accumulation of PVS~ at all since the back
electron transfer was enhanced due to the electrostatic at-
traction between PVS~ and the polycation [114,115].
Other related studies have been described [116-118].

In other items the association constant for PVS with the
anionic sensitizer ZnTPPS;%, as expected, was less than
with methyl viologen, the positively charged methyl
viologen favoring association [119]. As a result the reduc-
tion rate of PVS was larger than with methyl viologen
[120]. In the presence of 2-mercaptoethanol as donor and
hydrogenase as catalyst hydrogen was evolved, with the
zwitterionic derivative of 2,2"-bipyridine 22 being better
than PVS or methyl viologen due, in part, to its lower
reduction potential (E, = -0.75 V) [121], but the situation

is complicated. If the ZnTPPS;%" concentration is increas-
ed the determining step for hydrogen evolution is changed
from the photoreduction of the bipyridinium salt to reac-
tion of the reduced salt with the catalyst. In these cir-
cumstances methyl viologen was best since it is a better
substrate for hydrogenase [122].

Some work has been reported with cationic micelles and
bilayer membranes. Thus, in the system triethanolamine,
Ru(bpy);** and PVS, the addition of a cationic surfactant
such as cetyltrimethylammonium chloride (CTAC) or the
bilayer membrane forming didodecyldimethylammonium
bromide increased the efficiency of the photoreduction of
PVS. This was attributed to the electrostatic field of
positively charged surfactant assemblies trapping the
radical anions of the reduced viologen and thereby retar-
ding the back electron transfer to the oxidized sensitizer
Ru(bpy);®* [44,123]. Similar results have been obtained us-
ing ZnTMPyP* as sensitizer [35]. Experiments using the
reduced nicotinamide NADPH as electron donor, a
hematoporphyrin dissolved by cetyltrimethylammonium
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bromide as sensitizer and PVS as electron relay have also
been described [124].

An interesting result has been reported using cationic
bilayer membranes formed from 1-ethyl-1"-[5{N,N-dihexa-
decylcarbamoyl)pentyl]-4,4'-bipyridinium dibromide,
abbreviated to LEV?** (24). Using triethanolamine as
donor, Ru(bpy),** or ZnTMPyP** as sensitizer and PVS as
electron relay charge separation of the photogenerated ion
pairs was achieved in nearly quantitative yield (quantum
yield 0.80) in the presence of LEV?**. The primary step in
the reaction is the oxidative quenching of the sensitizer by
PVS. The electron was transferred to the bilayer mem-
brane of LEV?** by PVS~. The reduction potential of
LEV?* is slightly more positive than that of PVS. The zwit-
terionic viologen was thus confirmed to shuttle as an effi-
cient electron relay between the bulk aqueous solution and
interface of the bilayer membrane with successive electron
transfer to the surface of the viologen bilayer which
enables temporary storage of the captured electron. The
back electron transfer was suppressed 500-fold attributed
to electrostatic repulsion between the oxidized sensitizer
and the positively charged interface of the bilayer mem-
brane [125,126).

CH, -*N\\/:/>-—-<\j//r~f—(CHQ),CON(CMHB)z 2Br~

24

Work has also been reported with anionic micelles. In
the presence of anionic sodium dodecylsulfate (SDS)
micelles, the oxidized sensitizer ZnTMPyP** is adsorbed
on the micelles and the back reaction with the anionic
PVS~- is retarded due to electrostatic repulsion [35]. The
use of SDS micelles, however, is fourfold less efficient in
the formation of PVS~ compared with SiO, colloids due to
the surface potential of the sodium laurylsulfate system
being much less than that of SiO, colloids [53,127]. None-
theless several zwitterionic analogues of methyl viologen,
PVS (4), 25, 26 and 27 produce hydrogen two-fold better
than methyl viologen using ZnTPPS,* as sensitizer,
N-phenylglycine as donor and platinum as catalyst in the
presence of sodium laurylsulfate micelles. Further
enhancement is achieved using an amphiphilic Ru(bpy),**
derivative as sensitizer solubilized in sodium tetradecyldi-

Block 16
+ I N4
HOOCCH;CH, =N, />—<\ N-CH,CH,COOH
25
HOOCCH,-N. "~ N-cu,coon N TN
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SO, ~50,
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oxyethylene sulfate anionic micelle assemblies and 27 as
electron relay [128]. The photoreduction of PVS by
phthalocyanine sensitizers in anionic micelles has also
been reported [129].

In work in negatively charged membranes consisting of
phosphatidyl-glycerol of phosphatidic acid, the photosen-
sitized oxidation of a manganese(Ill) porphyrin by
ZnTMPyP* which is confined to the membrane has been
described with PVS being reduced in the aqueous phase
[130] and further work on related systems has been
described [131].

In experiments using illuminated chloroplasts hydrogen
evolution rates were better with both PVS and 26 than
methyl viologen in the presence of either platinum or a
hydrogenase catalyst [132].

Work has also been reported with PVS in reverse
micelles using isooctane as the organic medium and
Aerosol OT as dispersant with magnesium tetraphenylpor-
phyrin [74], ZnTPP or ZnTMPyP** as sensitizer [133].

The effect of polyelectrolytes has been investigated by
studying the effect of anionic and cationic polyelectrolytes
on the photoinduced electron transfer between
ZnTMPyP* and PVS. They decrease both the forward
and back electron transfer rates. The effect of the anionic
polyelectrolyte is due to the hydrophobic envelopment of
the sensitizer by the polyelectrolyte hindering approach of
reactants and thus reducing all bimolecular reaction rates
between the sensitizer and species in solution. The ca-

tionic polyelectrolyte decreases the back electron transfer

due to the binding of PVS™" to the polyelectrolyte which
then repels the oxidized porphyrin electrostatically [134].
On the other hand with the new zwitterionic derivative 28
of benzyl viologen, abbreviated to BSV, which was used to
quench the excited state of Ru(bpy),** it was found that
addition of the polyelectrolyte polyvinyl sulfate enhanced
the rate of quenching and retarded the decay of the elec-
tron transfer products Ru(bpy);** and BSV~[135,136].

- + [ N+ -
28

In further work with Rose Bengal, PVS and the
2,2"-bipyridine zwitterion salt 22 do not form complexes
with Rose Bengal as readily as methyl viologen and they
quench the excited state of the dye but the major problem
in using Rose Bengal, namely photodegradation of the dye
remains [137].

In miscellaneous items the rate of formation of PVS™
was found to be greater using Ru(bpy);** as sensitizer than
a new complex ruthenium polymer sensitizer [138]. Other
work involving PVS and potential new polymeric
ruthenium sensitizers has been described [139,140]. In an
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interesting experiment a polymer bound ruthenium sen-
sitizer was packed in a column with silica gel and ir-
radiated with visible light. When PVS or methyl viologen
and triethanolamine in aqueous solution were passed
down the column reduced viologen was continuously
separated [141]. PVS makes it possible to achieve good
photoredox charge separation in a system using a zinc
tetrasulfonated phthalocyanine sensitizer [142,143). Zwit-
terionic viologens have also been used in a study of the
catalytic platinum reaction [144], in an investigation of
photophysical properties of pyrene covalently bound to
polyelectrolytes [145] and in the quenching of copolymers
of methacrylic acid and vinylperylene [146].

Some work has been reported involving PVS with the
photochemistry of CdS [147,148] and with hydrogen pro-
duction from montmorillonite clay modified electrodes
[149].

As well as the photoreduction of water the photoreduc-
tion of carbon dioxide to methane and higher hydrocar-
bons has been accomplished in aqueous solution using
triethanolamine as donor, Ru(bpy);** or Ru(phen),** as
sensitizer and the zwitterionic viologen 29 or a diquater-
nary salt of 2,2"-bipyridine, for example 13, as electron
relay in the presence of ruthenium or osmium colloid
catalysts. Hydrogen was produced as well. The reduction
potential (E,) of 29 is about -0.79V which is substantially
lower than that of PVS and this lower potential is
necessary for the reduction of CO, to occur [150,151}.
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V. Diquaternary Salts of 2,2"-Bipyridine.

As well as diquaternary salts of 4,4"-bipyridine several
diquaternary salts of 2,2-bipyridine have been investig-
ated as electron relays for the photolysis of water, a few of
which have already been mentioned. The bridged di-
quaternary salt of 2,2"-bipyridine, compound 5 is the well-
known herbicide diquat. It is reversibly reduced in
aqueous solution by a one electron transfer to a stable

radical cation 30 but at a slightly higher potential, E, =
-0.35 V, than that of paraquat. As well as bridged diquater-
nary salts of 2,2"bipyridine, the 1,1'-dimethyl diquater-
nary salt 31, which has an E, value of -0.72 V, and its
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relatives have also received attention. In addition bridged
diquaternary salts of 1,10-phenanthroline (e.g. 32) have
been studied.

NIV
33

In homogeneous aqueous systems at pH 6-7 using ED-
TA as electron donor, Ru(bpy);** as sensitizer and col-
loidal platinum as catalyst compound 13, which has an E,
value of -0.55 V and a dimethyl ring substituted derivative
were effective in producing hydrogen on illumination but
were not superior to methyl viologen. A series of bridged
diquaternary salts of 1,10-phenanthroline such as 32 were
not as good due to their poor electrochemical reversibility
[152]. Very similar conclusions were reached in other
studies which included diquat 5 and 31. The redox poten-
tial of the most efficient electron relays is about -0.45 V
and none was better than methyl viologen [1,15]. Earlier
related studies have been reported [7,13,153]. Other
studies involving quenching of various ruthenium (and
other metal) ligand sensitizers by diquat and its relatives
have been reported {17] including studies with 31 in
acetonitrile [154].

On the other hand working with the system using
2-mercaptoethanol as donor, zinc tetraphenylporphyrintri-
sulfonate (ZnTPPS;*") as sensitizer and hydrogenase as
catalyst it was found that on illumination hydrogen evolu-
tion rates were better with the salts 31, 13 and 33, all of
which have reduction potentials (E,) between -0.55 and
-0.72 V, than with methyl viologen. This was attributed to
differences in the association constants of the viologens
with the anionic sensitizer since, as noted earlier, com-
plexes between the viologen and sensitizer usually do not
take part readily in the photoreduction and also to rate
differences in the separation of electron transfer from the
sensitizer to the bipyridinium salts [98,121,155]. The situa-
tion is complicated however. If the concentration of the
sensitizer is increased, the rate determining step for
hydrogen evolution is changed from photoreduction of the
bipyridinium salt to hydrogen evolution by the reduced
bipyridinium salt. In that case methyl viologen was best
since it is a better substrate for hydrogenase [122). In the
presence of anionic (SDS) micelles an increase in the ac-
cumulation of the reduced bipyridinium salts 31, 13 and
33 was observed due to the electrostatic effects between
the micellar surfaces, the oxidized ZnTPPS;?>~ and the
reduced viologen. When platinum catalyst was used
hydrogen evolution was better with all three 2,2"-bipyridin-
ium diquaternary salts than with methyl viologen

[156,157]. The presence of SDS inhibited the effectiveness
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of hydrogenase as catalyst. Association constants between
ZnTPPS,3" and the salts 5, 13, 31 and 33 have been deter-
mined. The constants are smaller than for methyl viologen
[158,159].

Work has also been reported on hydrogen production
with 13 using new tin and ruthenium porphyrin sensitizers
[16]. Working with a tin meso-tetraanilineporphyrin as
sensitizer, platinum as catalyst and EDTA as electron
donor, the yield of hydrogen was best with 13 as electron
relay, being superior to both methyl and benzyl viologens
and other bridged 2,2'-bipyridinium salts [160]. Hydrogen
has also been obtained on illumination of a system using
triethanolamine as donor, a copper complex of 2,9-di-
phenyl-1,10-phenanthroline as sensitizer with anthracene-
9-carboxylate as auxiliary, 13 as electron relay and
titanium dioxide supported platinum as catalyst [161]. A
theoretical paper on a kinetic model for cyclic water
cleavage involving 13 and 33 has been published [162] and
13 has been used in a photoelectrical cell for production of
hydrogen and hydrogen peroxide by photoredox reactions
[163].

Viologens Linked to Porphyrins.

Some interesting work has been reported on compounds
containing viologens covalently linked to porphyrins.
Some of these are able to combine the properties of sen-
sitizer and electron carrier in the one molecule for the
photoreduction of water.

CH, CH,

/
CH, 35 CH,
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Following on from some earlier work on fluorescence
quenching of viologen linked porphyrins such as com-
pounds of type 34 [164-166] it was found that using
NADPH as electron donor, hydrogenase as catalyst and
the water soluble viologen linked porphyrins of structure
35 (n = 2 -5) as combined sensitizer and electron relay
hydrogen was generated on irradiation. The hydrogen

evolution rate decreased with increasing chain length
fromn = 2ton = 4 but when n = 5, the hydrogen evolu-
tion rate was best possibly due to conformational changes
and direct transfer of an electron from porphyrin to
viologen [167]. Addition of Triton X-100 surfactant greatly
enhanced hydrogen evolution [168]. Further work with
these compounds and extensions thereof have been
described [169]. In the series containing only one covalent-
ly linked viologen group 36, however, only the compound
with n = 2 acted as photosensitizer and electron relay for
the production of hydrogen. The compounds with n = 3-6
were inactive. Platinum was found to be better than
hydrogenase as catalyst [170]. In a later paper the evolu-
tion of hydrogen with 36 (n = 2) was confirmed and the
experiments extended to show that a 2,2"-bipyridine
analogue (37, n = 5) also was effective as both sensitizer
and electron relay for the production of hydrogen. In the
latter series when n = 2-4 the compounds were inefficient
for photoinduced hydrogen evolution [171]. Further work
on related series has been described [172,173] and
patented [174]. A proton nmr conformational study of
metal free 36 has been published [175].
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Also worthy of note are studies in non-aqueous polar
solvents such as DMSO of the photoinduced formation of
long-lived intramolecular radical ion pairs from molecules
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containing porphyrins and viologens covalently combined
where the viologens contain long flexible chains [176]. Fur-
ther evidence for intramolecular electron transfer quen-
ching from related metal free excited porphyrins to
covalently linked long-chained viologens in acetonitrile
[177] and DMSO [178] has been obtained. Other related
studies have been carried out [179-181] and extended to
include studies in aqueous DMF with zinc phthalo-
cyanines containing covalently bonded long-chained
viologens [182]. Photoelectron transfer in a complex
porphyrin-viologen-quinone triad molecule has been
studied where a benzyl viologen is covalently attached to a
zinc porphyrin [183] and another triad where the por-
phyrin is replaced by pyrene has been described [184]. The
effect of an external magnetic field on the lifetime of ion
pair states in viologen linked porphyrins has recently been
the subject of much study [185-187] including work with
reversed micelles {188,189].

VII. Viologen Polymers and Pendant Viologens on
Polymers.

As well as research on viologens covalently linked to
porphyrin sensitizers some work has been reported on
viologens covalently linked to ruthenium ligand sen-
sitizers. This latter area, however, has often been
associated with the use of pendant viclogens on polymers
and will be dealt with in that context. The rationale for
work with viologens pendant on polymers is to attempt to
find means of separating the photogenerated primary
redox pairs other than by using the viscous environments
associated with membranes or vesicles where charge
separation depends on molecular diffusion.

In a system using EDTA as electron donor it was found
that with the viologen linked ruthenium complex (38, n =
3) the quantum yield of the photoinduced reduction of the
viologen units was only 1-2% of that of the free Ru(bpy),**
and methyl viologen in aqueous solution. However, the
quantum yield of photoreduction of viologen units rose
considerably when the longer chained 38 (n = 15) was us-
ed in conjuction with the pendant viologen polymer 39
and the quantum yield was even better when the ruthen-
ium photoreactive centre was directly attached to the elec-
tron relay system in the polymer chain as in 40. These

CH,(CH)), -&'_\>—<\_—,N+— CH,CH,NHCO
CH;(CHy), -N'_\H\_,Nt CH,CH,NHCO

38
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results were attributed to the enhancement of charge
separation of the photoproduced primary ion pair due to
eleciron injection from the photoreaction centres into the
electron relay system and succeeding electron migration
among the viologen units in the relay system [190]. Fur-
ther developments in related systems using in addition
bilayer molecular membranes from didodecyldimethyl am-
monium bromide have been reported [44] and extensions
to various analogues of 38 in the presence of micelles and
bilayer membranes have been investigated [191]. Hydro-
gen has actually been photogenerated in aqueous solution

—¢CH, - CH')T( CH, - CH');_S—
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using a polymer of type 39 as electron relay with EDTA as
donor, Ru(bpy)s** as sensitizer and colloidal platinum as
catalyst [44] although with an efficiency less than that of
the Ru(bpy)s** and methyl viologen system mainly due to
the decreased probability of encounter between photosen-
sitizer and electron mediator [192]. Very similar results
were obtained by other groups using closely related pen-
dant violgen systems [193,194). Likewise the yields of
hydrogen were lower than with methyl viologen using a
pendant viologen derived from 1-methyl-4,4"-bipyridinium
chloride and polyvinylbenzyl chloride as electron relay,
ZnTMPyP* sensitizer and colloidal platinum in the
presence of an electron donor {195]. Further studies of
electron transfer quenching of related pendant viologens
in non-aqueous media have been reported [196].
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In subsequent work using triethanolamine as donor and
Ru(bpy);** as sensitizer it has been found that particularly
long lived reduced viologens were generated by electron
transfer from the zwitterionic 4,4"-bipyridinium salt 4 to
viologen polymers of type 39 [197] and polymers such as
39 can act as electron store when the salt 4 is used as elec-
tron relay and electron shuttle [198].

Further interesting work has been reported with
polymers related to 40 where the ruthenium photoactive
centre is directly attached to the electron relay system in
the polymer chain. Working with EDTA as electron donor,
the combined sensitizer and relay polymers of type 41 and
platinized TiO, as photocatalyst hydrogen evolution was
obtained on visible light illumination. Addition of methyl
viologen usually improved the yield of hydrogen but not in
the case of 41 (a = 7,b = 7, ¢ = 0, d = 86) which gave
on its own just about the best yield of hydrogen [199].
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Intramolecular and energy transfer processes have been
studied in molecular assemblies consisting of ruthenium
bipyridine complexes covalently linked to a diquat
analogue and a phenothiazine derivative [200,201]. As well
as viologens linked to ruthenium sensitizers a viologen has
been covalently attached to the sensitizer dye eosine and
the photoinduced and intramolecular electron transfer
reactions of the complex were studied [202].
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In other work polymerization of the salt 42 gives ag-
gregates whose electron transfer properties using
Ru(bpy);** as sensitizer have been compared with those of
methyl viologen [203] and the photoreduction properties
of polymers derived from, for example, l-methyl-1'-(p-
vinylbenzyl)-4,4"-bipyridinium salts have been investigated
[204]. Polymerisation of viologens with long chained
quaternizing groups containing acetylenic linkages have
been reported and their possible usefulness as electron
carriers mentioned [205]. Intramolecular photochemical
electron transfer has also been observed in viologens link-
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ed to pyrene [206] and light induced charge separation has
been achieved in a zeolite framework with an N,N'-dialkyl
2,2"-bipyridinium salt covalently bound to a Ru(bpy),**
type sensitizer [207). Experiments designed to obtain in-
formation on the redox potential of pendant viologens on
polymers have been described [208].

Pendant viologens have also been incorporated as
coating layers on graphite electrodes [209] and electrodes
modified to contain polymers of a ruthenium
chromophore linked to a viologen acceptor have been
described [210].

In another type of pendant viologen a paper has de-
scribed investigations with violgens attached to nylon
polymers of type 43. In the presence of triethanolamine as
donor and ZnTMPyP#, for example, as sensitizer the
quantum yield for the photoinduced reduction of the
viologen groups was variable depending on a number of
factors such as the fraction of pendant viologen, the con-
centration of electron donor and ionic strength of the solu-
tion. By laser flash photolysis the reaction rates for elec-
tron transfer from the excited porphyrin to the viologen
group in the polymer and for the back electron transfer to
oxidized porphyrin were measured. It was found that the
cationic and/or hydrophobic polymer environment retards
the back electron transfer which increases the quantum
yields of viologen cation radicals [211,212). A pendant
viologen attached to a similar nylon polymer was also
found to be effective in stabilizing colloidal platinum
catalyst in an aqueous system using triethanolamine as
donor, ZnTMPyP** as sensitizer and methyl viologen as
electron relay and by its use quantum yields of hydrogen
were increased on irradiation [213]. Stabilization of col-
loidal CdS and platinum photocatalyst has also been noted
with the pendant viologen [214]. Viologens have also been
attached to polypeptide matrices to provide an electroac-
tive polymer [215].

-(-NH(CH2)4CHCO-)‘—6NH(CH7)4(IZHCO-)y-('NH(CH,_)‘CHCO-);-(-NH(CHZ)5CO-}T—

qu’(ca,)z N(CHy), Ilf(cug)z
(CHy), R
N+
]
]
I:I+
CH,

43

Several papers have appeared involving polyviologens
of structure 44 and related types as electron carriers in
aqueous systems using EDTA as electron donor,
Ru(bpy)s®* or various dyes as sensitizer and a platinum
containing catalyst. On irradiation hydrogen is produced
but the results are variable [216-218] although some claims
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to improvement over methyl viologen have been made.
However, various polyviologens have been investigated as
quenchers of Ru(bpy),** and related sensitizers but the
back electron transfer rates were usually fast [219].
Polyviologens have also been used in polymer complexes
in various film coated electrodes [220-223].

S
FO-Creny as3-Ora
44 45

Lastly polymeric membranes cross-linked with viologens
have been described and electron transport in the mem-
branes studied. Their application to the photodecomposi-
tion of water by irradiation is envisaged [224].

2C10,

VIII. Miscellaneous Viologens.

A sulfur containing analogue of methyl viologen, 2,7-di-
methylthieno[2,3-¢:5,4-c'|dipyridinium bisperchlorate (45)
has been synthesised [225]. It has been found to act both
as photosensitizer and electron relay for the photo-
reduction of water. In experiments in aqueous solution us-
ing EDTA as electron donor, colloidal platinum as catalyst
and 45 as combined photosensitizer and electron relay
hydrogen was evolved on irradiation [226]. An X-ray
crystallographic analysis of 45 has recently been publish-
ed [227].

A series of viologens ranging from neutral zwitterionic
salts to tetraquaternary salts of type 46 have been com-
pared with respect to their ability to quench Ru(bpy),**
[228] and to effect hydrogen evolution from water in
homogeneous and vesicular systems [229)]. The association
coupling constants of various viologens with the sen-
sitizers eosin, ZnTMPyP*" and ZnTPPS*" have been deter-
mined [230]. In the photoreduction of carbon dioxide to
formic acid electron transfer from excited Ru(bpy):** to
the tetraquaternary salt 47 was not as efficient as with
methyl and benzyl viologens. Triethanolamine was the
electron donor and formate dehydrogenase the catalyst

(231].
(CHp),N(CH,), —ND—CNL (CH,N(CHy),
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Membrane vesicles containing redox active bipyridin-
ium groups are formed from compounds such as 48 [232].
A number of other redox active surfactant vesicles from
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4,4"-bipyridinium diquaternary salts have been synthesis-
ed [233). The salts all contain ethylenic linkages and some
can be polymerised by an initiation or by uv irradiation
across either their bilayers or their head groups depen-
ding on the position of the double bond. Typical monomer

[(:H3 -ND-@}? - (CHz)zNHCO(CHQ),i—

2
48

structures include 49, 50 and 51. Some of these polymeriz-
ed vesicles give good charge separation using Ru(bpy),*
as photosensitizer and result in long lived reduced
viologens [234,235]). Electron transport membranes have
also been constructed from polypeptides containing
covalently attached viologen moieties and redox reaction
across the membranes have been demonstrated whereby
substrates were reduced without coming into contact with
the reducing agent [236].
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To complete the review the silyl diquaternary salt of
4,4'-bipyridine (52) has been used to derivatize various
surfaces including glass [237), silicon [238-242] and indium
tin oxides {243] by hydrolysis of the Si(OCH;); bonds and
attachment of the bipyridinium moiety to the surface to
give a redox polysiloxane network. In conjuction with
platinum, palladium or rhodium catalysts and appropriate
photoelectrodes evolution of hydrogen from water was
achieved. A related procedure to attach a silanized
4,4'-bipyridinium salt to TiO, particles has been ac-
complished and light induced evolution of hydrogen was
achieved in the presence of a hydrogenase [244]. Attach-
ment of 4,4'-bipyridinium diquaternary salts containing
long alkyl chains to gold electrodes has also been ac-
complished through a sulfide linkage and the redox
behaviour of the assembled layers has been studied [245,
246].

(CH3O)3Si(CH2)3—NC/>—<\j//N+—(CH2)3Si(OCH3)3 2Br”

52

Review 839

REFERENCES AND NOTES

(1] E. Amouyal and B. Zidler, Israel J. Chem., 22, 117 (1982).
[2] N. Sutin and C. Creutz, Pure Appl. Chem., 52, 2717 (1980) and
references therein.
{3] P. Keller, A. Moradpour, E. Amouyal and H. B. Kagan, Nouv. J.
Chim., 4, 377 (1980) and references therein.
[4] A. Moradpour, E. Amouyal, P. Keller and H. B. Kagen, Nouv. J.
Chim., 2, 547 (1978).
[5] L. A. Summers, The Bipyridinium Herbicides, Academic Press,
London and New York, 1980.
[6] L. A. Summers, Adv. Heterocyclic Chem., 35, 281 (1984).
[7] E. Amouyal, B. Zidler, P. Keller and A. Moradpour, Chem. Phys.
Letters, 74, 314 (1980).
[8] K. Takuma, Y. Shuto and T. Matsuo, Chem. Letters, 983 (1978).
[9] L. Okura, S. Aono, M. Takeuchi and S. Kusunoki, Bull. Chem.
Soc. Japan, 55, 3637 (1982).
[10] 1. Okura, S. Kusunoki and S. Aono, Bull. Chem. Soc. Japan, 57,
1184 (1984).
{11} I. Okura, S. Aono and S. Kusunoki, Inorg. Chim. Acta, 71, 77
(1983).
[12] Y. Zhu, X. Xiao, X. Li and C. Wang, Ganguang Kexue Yu Kuang
Huaxue, 17 (1987); Chem. Abstr., 109, 160347r (1988).
[13] P. Keller, A. Moradpour, E. Amouyal and B. Zidler, J. Mol.
Catal., 12, 261 (1981).
{14] 1. Okura, S. Kusunoki and S. Aono, Inorg. Chim. Acta, 77, L99
(1983).
[15] A. Harriman and A. Mills, J. Chem. Soc., Faraday Trans. 2, 77
2111 (1981).
[16] W. Szulbinski and J. W. Strojek, Inorg. Chem. Acta, 118, 91
(1986).
[17] C. Creutz, A. D. Keller, N. Sutin and A. P. Zipp, J. Am. Chem.
Soc., 104, 3618 (1982).
[18] J. R. Darwent, I. McCubbin and D. Phillips, J. Chem. Soc., Fara-
day Trans 2, 78, 347 (1982).
[19] D. R. Prasad and G. Ferraudi, Inorg. Chem., 22, 1672 (1983).
[20] 1. Okura, S. Aono and S. Kusunoki, /norg. Chim. Acta, 65, L215
(1982).
[21] P. A. Brugger and M. Gratzel, J. Am. Chem. Soc., 102, 2461
(1980).
[22] P. A. Brugger, P. P. Infelta, A. M. Braun and M. Gratzel, J. Am.
Chem. Soc., 103, 320 (1981).
{23] N.]J. Turro, M. Gratzel and A. M. Braun, Angew. Chem., Int. Ed.
Engl., 19, 675 (1980).
[24] M. Gratzel, Ber. Bunsenges Phys. Chem., 84, 981 (1980).
[25] M. Gratzel, Acc. Chem. Res., 14, 376 (1981).
[26] M. Gratzel, Disc. Faraday Soc., 70, 359 (1980).
[27] D. G. Whitten, J. C. Russell and R. H. Schmehl, Tetrahedron, 38,
2455 (1982).
[28] M. P. Pileni, A. M. Braun and M. Gratzel, Photochem.
Photobiol., 31, 423 (1980).
[29] M. Gratzel, Israel J. Chem., 18, 364 (1979).
[30] Y. Tsutsui, K. Takuma, T. Nishijima and T. Matsuo, Chem. Let-
ters, 617 (1979).
[31] T. Matsuo, K. Takuma, Y. Tsutsui and T. Nishijima, J. Coord.
Chem., 10, 187 (1980).
[32] M. Krieg, M. P. Pileni, A. M. Braun and M. Gratzel, J. Colloid In-
terfac. Sci., 83, 209 (1981).
[33] P. P. Infelta and P. A. Brugger, Chem. Phys. Letters, 82, 462
(1981).
[34] K. Takuma, T. Sakamoto, T. Nagamura and T. Matsuo, J. Phys.
Chem., 85, 619 (1981).
[35] S. Chevalier, B. Lerebours and M. P. Pileni, J. Photochem., 27,
301 (1984).
[36] B. Lerebours, Y. Chevalier and M. P. Pileni, Chem. Phys. Let-
ters, 117, 89 (1985).
[37] D. Le Roux, M. Takakubo and J. C. Mialocq, J. Chim. Phys., 82,
739 (1985).



840 Review

[38]) K. L. Kovacs and A. Der. Biochemie, 68, 211 (1986).

[39] P. A. Brugger, P. Cuendat and M. Gratzel, J. 4m. Chem. Soc.,
103, 2923 (1981).

[40] T. Nagamura, N. Takeyama and T. Matsuo, Chem. Letters, 1341
(1983).

{41] T. Miyashita, T. Murakata and M. Matsuda, J. Phys. Chem., 93,
1426 (1989).

[42] M. Sagaguchi and L. Kevan, J. Phys. Chem., 93, 6039 (1989).

[43] K. Takuma, T. Sakamoto and T. Matsuo, Chem. Letters, 815
(1981).

[44] T. Matsuo, Pure Appl. Chem., 54, 1693 (1982).

[45] T. Miyashita, T. Murakata and M. Matsuda, J. Phys. Chem., 87,
4529 (1983).

[46] M. A. J. Rodgers and J. C. Becker, J. Phys. Chem., 84, 2762
(1980).

[47] S. Hashimoto and J. K. Thomas, J. Am. Chem. Soc., 105, 5230
(1983).

[48] M. J. Colaneri, L. Kevan and R. Schmehl, J. Phys. Chem., 93,
397 (1989).

[49] J. K. Hurst, L. Y. C. Lee and M. Gratzel, J. Am. Chem. Soc., 105,
7048 (1983).

[50] J. K. Hurst, D. H. P. Thompson and J. S. Connolly, J. Am. Chem.
Soc., 109, 507 (1987).

[51] J. K. Hurst, D. H. P. Thompson, Inorg. Chem., 26, 39 (1987).

[52] D. H. P. Thompson, W. C. Barrette and J. K. Hurst, J. Am.
Chem. Soc., 109, 2003 (1987).

{53] M. Calvin, I. Willner, C. Laane and J. W. Otvos, J. Photochem.,
17, 195 (1981).

[54] W. E. Ford, T. W. Otvos and M. Calvin, Proc. Natl. Acad. Sci.
USA, 76, 3590 (1979).

[55]) M. Calvin, Photochem. Photobiol., 37, 349 (1983).

[56] C. Laane, W. E. Ford, J. W. Otvos and M. Calvin, Proc. Natl.
Acad. Sci. US4, 78, 2017 (1981).

[57] W. E. Ford, J. W. Otvos and M. Calvin, Nature, 274, 507 (1978).

[58] H. T. Tien and N. B. Joshi, Photochem. Photobiophys., 10, 241
(1986).

[59] V. N. Parmon, M. I. Khramov, I. M. Tsvetkov, S. V. Lymar and
K. I. Zamaraev, React. Kinet. Catal. Letters, 23, 3 (1983).

[60] V. N. Parmon, M, I. Khramov, I. M. Tsvetknov, S. V. Lymar and
K. I. Zamaraev, Kinet. Katal., 24, 1019 (1983).

[61] 1. M. Tsvetkov, S. V. Lymar, V. N. Parmon and K. I. Zamaraev,
Kinet. Katal., 27, 109 (1986).

[62] M. I. Khramov, S. V. Lymar, V. N. Parmon and K. I. Zamaraev,
Dokl. Akad. Nauk SSSR, 289, 146 (1986).

[63] E. E. Yablonskaya, V. A. Nadtochenko and V. Y. Shafirovich,
Izv. Akad. Nauk SSSR, Ser. Khim., 334 (1986).

[64] N. K. Khannanov, V. A. Kuz’min, P. P. Levin, V. Y. Shafirovich
and E. E. Yablonskaya, Khim. Fiz., 5, 1358 (1986); Chem. Abstr., 107,
15333n (1987).

[65] W. E. Ford and G. Tollin, Photochem. Photobiol., 43, 319 (1986).

[66} W. E. Ford and G. Tollin, Photochem. Photobiol., 43, 467 (1986).

[67) E. E. Yablonskaya and V. Y. Shafirovich, Jzv. Akad. Nauk SSSR,
Ser. Khim., 1011 (1987).

[68] 1. Willner, W. E. Ford, J. W. Otvos and M. Calvin, Nature, 280,
823 (1979).

[69] D. Mandler, Y. Degani and 1. Willner, J. Phys. Chem., 88, 4366
(1984).

[70] S. V. Lymar, M. I. Khramov, V. N. Parmon and K. I. Zamaraev,
Dokl. Akad, Nauk SSSR, 272, 641 (1983).

[71] Y. T. Park, Taehan Hwahakhoe Chi., 27, 213 (1983); Chem.
Abstr., 99, 73736y (1983).

[72] D. Mandler and I. Willner, J. Phys. Chem., 91, 3600 (1987).

[73] 1. Tabushi, A. Yazaki, N. Koga and K. Iwasaki, Tetrahedron Let-
ters, 373 (1980).

[74] J. M. Furois, P. Brochette and M. P. Pileni, J. Colloid Interface
Sci., 97, 552 (1984).

[75) J. H. Fendler, J. Phys. Chem., 84, 1485 (1980).

Vol. 28

[76] M. P. Pileni and R. A. Mackay, J. Dispersion Sci. Technol., 10,
45 (1989); Chem. Abstr., 111, 205155m (1989).

{771 X. R. Xiao, C. B. Wang and H. T. Tien, J. Mol. Catal., 23, 9
(1984).

[78] C. D. Jonah, M. S. Matheson and D. Meisel, J. Phys. Chem., 83,
257 (1979) and references and therein.

[79] T. Miyashita and M. Matsuda, Polym. Commun., 25, 138 (1984).

[80] T. Miyashita, and M. Ohsawa and M. Matsuda, Macromolecules,
19, 585 (1986).

[81] T. Miyashita and M. Matsuda, Macromolecules, 23, 2598 (1990).

[82] A. B. Fischer and I. Bronstein-Bonte, J. Photochem., 30, 475
(1985).

[83] Y. Yonezawa, M. Ohno, K. Wataya, S. Suga and H. Hada, Nip-
pon Shashin Gakkaishi, 50, 294 (1987); Chem. Abstr., 108, 84554t (1988).

[84] D. G. Whitten, F. R. Hopf, F. H. Quina, G. Sprintschnik and H.
W. Sprintschnik, Pure Appl. Chem., 49, 379 (1977).

[85] Y. Jiang, J. Tang and S. Wu, Ganguang Kexue Yu Kuang Huax-
ue, 1 (1988); Chem. Abstr., 111, 8877x (1989).

[86] H. Rau and R. Ratz, Agnew. Chem. Int. Ed. Engl., 22, 550 (1983).

[87] J. H. Fuhrhop, M. Krull, A. Schulz and D. Mobius, Langmuir, 6,
497 (1990).

[88] A. Harriman, G. Porter and M. C. Richoux, J. Chem. Soc., Fara-
day Trans. 2, 78, 1955 (1982).

[89] K. Uosaki, K. Okazaki and H. Kita, Chem. Commun., 195 (1990).

[90] P. Cuendet, M. Gratzel, K. K. Rao and D. O. Hall, Photochem.
Photobiophys., 7, 331 (1984).

[91] M. Gratzel and J. Moser, Proc. Natl. Acad. Sci. USA, 80, 3129
(1983).

[92] F. D. Saeva, G. R. Olin and J. R. Harbour, Chem. Commun., 401
(1980).

[93] Y. Okuno, Y. Chiba and O. Yonemitsu, Chem. Commun., 1638
(1984).

[94] 1. Willner and Y. Eichen, J. 4m. Chem. Soc., 109, 6862 (1987).

[95] I. Willner, E. Adar, Z. Goren and B. Steinberger, Nouv. J.
Chem., 11, 769 (1987).

[96] A. Launikonis, J. W. Loder, A. W. H. Mau, W. H. F. Sasse, L. A.
Summers and D. Wells, dust. J. Chem., 35, 1341 (1982).

[97] A. Launikonis, J. W. Loder, A. W. H. Mau, W. H. F. Sasse and D.
Wells, Israel J. Chem., 22, 158 (1982).

[98] I. Okura, N. Kaji, S. Aono and T. Kita, Inorg. Chim. Acta, 86,
L79 (1984).

[99] K. P. Ghiggino, J. M. Brown, A. Launikonis, A. W. H. Mau and
W. H. F. Sasse, dust. J. Chem., 41, 9 (1988).

[100] I. Willner, Y. Eichen and E. Joselevich, J. Phys. Chem., 94, 3092
(1990).

[101] H. Duerr, G. Doerr, K. Zengerle, B. Reis and A. M. Braun, Vor-
tragstag. Fachgruppe Photochem [Ges. Dtsch. Chem.] 8th, 37 (1983);
Chem. Abstr., 102, 157771z (1985).

[102] H. Duerr, G. Doerr, K. Zengerle, B. Reis and A. M. Braun,
Chimia, 37, 245 (1983).

[103] H. Duerr, U. Thiery, P. P. Infelta and A. M. Braun, Nouv. J.
Chem., 13, 575 (1989).

[104] 1. Willner and W. E. Ford, J. Heterocyclic Chem., 20, 1113
(1983).

[105] 1. Willner, J. M. Yang, C. Laane, J. W. Otvos and M. Calvin, J.
Phys. Chem., 85, 3277 (1981).

[106] 1. Willner, J. W. Otvos and M. Calvin, J. Am. Chem. Soc., 103,
3203 (1981).

[107] D. N. Furlong, O. Johansen, A. Launikonis, J. W. Loder, A. W. H.
Mau and W. H. F. Sasse, dust. J. Chem., 38, 363 (1985).

[108] Y. Degani and 1. Willner, Chem. Commun., 710 (1983).

[109] Y. Degani and I. Willner, J. 4m. Chem. Soc., 105, 6228 (1983).

[110] A. J. Frank, I. Willner, Z. Goren and Y. Degani, J. Am. Chem.
Soc., 109, 3568 (1987).

{111] J. L. Bourdelande, J. Camps, J. Font, P. De March and E. Brillas,
J. Photochem., 30, 437 (1985).

[112] 1. Willner and Y. Degani, Israel J. Chem., 22, 163 (1982).



Jun-Jul 1991

[113] L. Okura, S. Aono, M. Hoshino and A. Yamada, Inorg. Chim. Ac-
ta., 86, LS5 (1984).

[114] Y. Itoh, Y. Morishima and S. Nozakura, J. Polymer Sci., Polymer
Letters Ed., 21, 167 (1983).

[115] Y. Morishima, Y. Itoh, S. Nozakura, T. Ohno and S. Kato,
Macromolecules, 17, 2264 (1984).

[116] J. A. Delaire, M. Sanquer-Barrie and S. E. Webber, J. Phys.
Chem., 92, 1252 (1988).

[117] Y. Itoh, Y. Morishima and S. Nozakura, Photochem. Photobiol.,
39, 451 (1984).

[118] Y. Morishima, T. Kirani, T. Kobayashi, Y. Sacki, S. Nozakura, T-
Ohno and S. Kato, Photochem. Photobiol, 42, 457 (1985).

{119] L. Okura, S. Aono, M. Hoshino and A. Yamada, Bull. Chem. Soc.
Japan, 58, 749 (1985).

[120] S. Aono, 1. Okura and A. Yamada, J. Phys. Chem., 89, 1593
(1985).

[121} I. Okura, N. Kaji, S. Aono and T. Kita, Inorg. Chim. Acta, 101,
L25 (1985).

[122] I. Okura, H. Fujie, S. Aono, T. Kita and N. Kaji, Bull Chem. Soc.
Japan, 39, 309 (1986).

{123] T. Nagamura, T. Kurihara, T. Matsuo, M. Sumitani and K.
Yoshihara, J. Phys. Chem., 86, 4368 (1982).

[124] S. Aono, T. Kita, T. Okura and A. Yamada, Photochem.
Photobiol., 43, 1 (1986).

[125] T. Nagamura, K. Tanaka, N. Takeyama and T. Matsuo, Ber.
Bunsenges. Phys. Chem., 87, 1129 (1983).

[126] T. Nagamura, N. Takeyama, K. Tanaka and T. Matsuo, J. Phys.
Chem., 90, 2247 (1986).

[127] C. Laane, I. Willner, J. W. Otvos and M. Calvin, Proc. Natl.
Acad. Sci. US4, 78, 5928 (1981).

[128] P. A. Brugger, M. Gratzel, T. Guarr and G. McLendon, J. Phys.
Chem., 86, 944 (1982).

[129] M. De Backer, F. X. Sauvage, A. Demortier, B. V. Vlierberge
and G. Lepoutre, C. R. Acad. Sci., Ser. 2., 299, 1035 (1984).

[130] P. Wohlgemuth, J. W. Otvos and M. Calvin, Proc. Natl. Acad.
Sci. US4, 79, 5111 (1982).

[131] R. Rafaeloff, A. C. Maliyackel, J. L. Grant, J. W. Otvos and M.
Calvin, Nouv. J. Chim., 10, 613 (1986).

[132] P. Cuendet and M. Gratzel, Photochem. Photobiol., 36, 203
(1982).

[133] P. Brochette and M. P. Pileni, Nouv. J. Chim., 9, 551 (1985).

[134] J. W. Otvos, T. E. Casti and M. Calvin, Sci. Pap. Inst. Phys.
Chem. Res. (Japan), 78, 129 (1984); Chem. Abstr., 103, 169705q (1985).

[135] R. E. Sassoon and J. Rabani, Israel J. Chem., 22, 138 (1982).

[136] R. E. Sassoon, Z. Aizenshtat and J. Rabani, J. Phys. Chem., 89,
1182 (1985).

{137] P. Douglas, G. Waechter and A. Mills, Photochem. Photobiol,
52, 473 (1990).

[138] K. Sumi, M. Furue and S. Nozakura, J. Polym. Sci., Polym.
Chem. Ed., 23 3059 (1985).

[139] M. Furue, N. Kuroda and S. Sano, J. Macromol. Sci. - Chem.,
A25, 1263 (1988).

[140] P. M. Ennis and J. M. Kelly, J. Phys. Chem., 93, 5735 (1989).

{141] K. Sumi, M. Furue and S. Nozakura, Nouv. J. Chim., 7, 635
(1983).

[142] M. De Backer, G. Lepoutre and F. X. Sauvage, C. R. Seances
Acad. Sci., Ser. 2, 296, 185 (1983).

[143] F. X. Sauvage, M. De Backer, G. Lepoutre, A. Demortier and B.
van Villierberge, J. Chim. Phys., 81, 77 (1984).

[144] G. S. Nahor and J. Rabani, Radiat. Phys. Chem., 29, 79 (1987).

[145] R. D. Stramel, C. Nguyen, S. E. Webber and M. A. J. Rodgers, J.
Phys. Chem., 92, 2934 (1988).

[146] R. D. Stramel, S. E. Webber and M. A. J. Rodgers, J. Phys.
Chem., 92, 6625 (1988).

[147] J. Kuczynski and J. K. Thomas, J. Phys. Chem., 87, 5498 (1983).

[148] Y. Nosaka and M. A. Fox, Langmuir, 3, 1147 (1987).

[149] D. Ege, P. K. Ghosh, J. R. White, J. F. Equey and A. J. Bard, J.

Review 841

Am. Chem. Soc., 107, 5644 (1985).

[150] I. Willner, R. Maidan, D. Mandler, H. Durr, G. Dorr and K.
Zengerle, J. Amer. Chem. Soc., 109, 6080 (1987).

[151] H. Durr, H. P. Trierweiler, I. Willner and R. Maiden, Nouv. J.
Chem., 14, 317 (1990).

[152] D. Miller and G. McLendon, Inorg. Chem., 20, 950 (1981).

[153] P. Keller, A. Moradpour, E. Amouyal and H. Kagan, J. Mol
Catal., 7., 539 (1980).

[154] C. R. Bock, J. A. Connor, A. R. Gutierrez, T. J. Meyer, D. G.
Whitten, B. P. Sullivan and J. K. Nagle, J. 4m. Chem. Soc., 101, 4815
(1979).

[155] 1. Okura, N. Kaji, S. Aono, T. Kita and A. Yamada, Inorg. Chem.,
24, 451 (1985).

[156] I. Okura, T. Kita, S. Aono, N. Kaji and A. Yamada, Inorg. Chim.
Acta, 122, 169 (1986).

[157] 1. Okura, T. Kita, S. Aono and N. Kaji, J. Mol. Catal., 33, 341
(1985).

[158] I. Okura, N. Kaji, S. Aono and A. Yamada, J. Mol. Catal., 32, 119
(1985).

[159] N. Kaji and I. Okura, Nippon Kagaku Kaishi, 569 (1988).

[160] W. Szulbinski, J. Zak and J. W. Strojek, J. Electroanal. Chem.,
226, 157 (1987).

[161] A. Edel, P. A. Marnot and J. P. Sauvage, Nouv. J. Chim, 8, 495
(1984).

[162] P. P. Infelta, J. Photochem., 20, 181 (1982).

[163]) M. Neumann-Spallart and K. Kalyanasundaram, J. Phys. Chem.,
86, 2681 (1982).

[164] A. Harriman, G. Porter and A. Wilowska, J. Chem. Soc., Faraday
Trans. 2, 80, 191 (1984).

[165] A. Harriman, Inorg. Chim. Acta, 88, 213 (1984).

[166] G. Blondeel, D. de Keukeleire, A. Harriman and L. R. Milgrom,
Chem. Phys. Letters, 118, 77 (1985).

[167] N. Kaji, S. Aono and 1. Okura, J. Mol. Catal., 36, 201 (1986).

[168] I. Okura, N. Kaji, S. Aono and T. Nishisaka, Bull. Chem. Soc.
Japan, 59, 3967 (1986).

{169] I. Okura, Y. Kinumi, N. Kaji and S. Aono, J. Macromol.
Sci.-Chem., A25, 1275 (1988).

[170] S. Aono, N. Kaji and I. Okura, Chem. Commaun., 170 (1986).

[171] S. Aono, N. Kaji and I. Okura, J. Mol. Catal, 45, 175 (1988).

[172] 1. Okura, Y. Kinumi and T. Nishisaka, Inorg. Chim. Acta, 156,
169 (1989).

[173] Y. Kinumi and I. Okura, J. Mol. Catal., 52, L33 (1989).

[174] 1. Okura, S. Aono and Y. Kinumi, Japan Patent 01,238,584:
Chem. Abstr., 112, 235071 (1990).

[175] Y. Yamamoto, S. Noda, N. Nanai, I. Okura and Y. Inoue, Bull.
Chem. Soc. Japan, 62, 2152 (1989).

[176] Y. Kanda, H. Sato, T. Okada and N. Mataga, Chem. Phys. Letter,
129, 306 (1986).

[177] R. K. Force, R. J. McMahon, J. Yu and M. S. Wrighton, Spec-
trochim. Acta, 45A, 23 (1989).

[178] J. D. Batteas, A. Harriman, Y. Kanda, N. Mataga and A. K.
Nowak, J. Am. Chem. Soc., 112, 126 (1990).

[179] S. Noda, H. Hosono, I. Okura, Y. Yamamoto and Y. Inoue, J.
Chem. Soc., Faraday Trans., 86, 811 (1990).

[180] E. E. Batova, P. P. Levin and V. Y. Shafirovich, Nouv. J. Chem.,
14, 269 (1990).

[181] A. Harriman and A. K. Novak, Pure Appl. Chem., 62, 1107
(1990).

[182] J. X. Liu, Q. Yu, Q. F. Zhou and H. J. Xu, Chem. Commun., 260
(1990).

[183]) E. E. Batova and V. Y. Shafirovich, Doki. Akad. Nauk SSSR,
307, 1131 (1989).

[184) M. Fujihira and M. Sakomura, Thin Solid Films, 179, 471 (1989).

[185] T. Saito, Y. Hirata, H. Sato, T. Yoshida and N. Mataga, Bull.
Chem. Soc. Japan, 61, 1925 (1988).

[186] H. Nakamura, A. Uehata, A. Motonaga, T. Ogata and T. Matsuo,
Chem. Letters, 543 (1987).



842 Review

[187] P. P. Levin, E. E. Batova and V. Y. Shafirovich, Chem. Phys.,
142, 279 (1990).

[188] A. Uehata, H. Nakamura, S. Usui and T. Matsuo, J. Phys. Chem.,
93 8197 (1989).

[189] S. Usui, A. Uehata, H. Baba, H. Nakamura and T. Matsuo, Nip-
pon Kagaku Kaishi, 1477 (1989).

{190} T. Matsuo, T. Sakamoto, K. Takuma, K. Sakura and T. Ohsako,
J. Phys. Chem., 85, 1277 (1981).

[191] K. Sakura, T. Sakamoto and T. Matsuo, Chem. Letters, 1651
(1982).

[192] T. Nishijima, T. Nagamura and T. Matsuo, J. Polym. Sci., Polym.
Letters Ed., 19, 65 (1981).

[193] K. Ageishi, T. Endo and M. Okawara, J. Polym. Sci., Polym.
Chem. Ed., 19, 1085 (1981).

[194] P. C. Lee, M. S. Matheson and D. Meisel, Israel J. Chem., 22,133
(1982).

[195] A. Harriman and G. Porter, J. Chem. Soc., Faraday Trans 2,78,
1937 (1982).

[196] L. D. Margerum, R. W. Murray and T. J. Meyer, J. Phys. Chem.,
90, 728 (1986).

[197] T. Ohsako, T. Sakamoto and T. Matsuo, J. Phys. Chem., 89, 222
(1985).

{198] T. Ohsako, T. Sakamoto and T. Matsuo, Chem. Letters, 1675
(1983).

[199] T. Nakahira and M. Gratzel, Makromol. Chem., Rapid
Commun., 6, 341 (1985).

[200] E. Danielson, C. M. Elliott, J. W. Merkert and T. J. Meyer, J.
Am. Chem. Soc., 109, 2519 (1987).

[201] T. J. Mayer, Pure Appl. Chem., 62, 1003 (1990).

[202] Z. G. Zhao, T. Shen and H. J. Xu, J. Photochem. Photobiol., 52,
47 (1990).

[203] K. Kurihara, P. Tundo and J. H. Fendler, J. Phys. Chem., 87,
3777 (1983).

[204] M. Furue, S. Yamanaka, L. Phat and S. Nozakura, J. Polym. Sci.,
Polym. Chem. Ed., 19, 2635 (1981).

[205]) B. Tieke and G. Lieser, Macromolecules, 18, 327 (1985).

[206] S. Fuyjita, H. Yamada, K. Suga and M. Fujihira, Proc.-Electro-
chem. Soc., 88-14 (1988); Chem. Abstr., 109, 119416z (1988).

[207] J. S. Krueger, J. E. Mayer and T. E. Mallouk, J. Am. Chem. Soc.,
110, 8232 (1988).

[208] T. Sakamoto, T. Ohsako, T. Matsuo, W. A. Mulac and D. Meisel,
Chem. Letters, 1893 (1984).

[209] M. Kaneko, S. Moriya, A. Yamada, H. Yamamoto and N. Oyama,
Electrochim. Acta, 29, 115 (1984).

[210] A. Deronzier and M. Essakalli, Chem. Commun., 242 (1990).

[211] Y. Nosaka, H. Kuwabara and H. Miyama, J. Phys. Chem., 90,
1465 (1986).

[212] H. Miyama, Y. Nosaka, T. Kobayashi and A. Kuwabara, J. Poly.
Sci., Polym. Letters Ed., 21, 945 (1983).

[213] Y. Nosaka, A. Kuwabara and H. Miyama, J. Photochem., 32, 143
(1986).

[214] Y. Nosaka, K. Yamaguchi and H. Miyama, Proc.-Electrochem
Soc., 88-14 (1988); Chem. Abstr., 109, 63159y (1988).

[215] D. D. Schiereth, V. M. Fernandez and M. Sanchez-Cruz, J. Elec-
troanal. Chem., 284, 303 (1990).

[216] C. Zhao and X. Shi, Ganguang Kexue Yu Kuang Huaxue, 63
(1985); Chem. Abstr., 102, 206505b (1985).

[217) X. Shi, C. Zhao, H. Tang, W. Gu and C. Gu, Taiyangneng

Vol. 28

Xuebao, 7 68 (1986); Chem. Abstr., 105, 63597g (1986).

[218]) G. X. Wan, N. Shimidzu, H. Nishida and E. Tsuchida, Rikogaku
Kenkyusho Hokoku, Waseda Daigaku, 121 (1983); Chem. Abstr., 103
203574h (1985).

[219] R. E. Sassoon, S. Gershuni and J. Rabani, J. Phys. Chem., 89,
1937 (1985).

[220] T. Ohsaka, M. Nakanishi, O. Hatozaki and N. Oyama, Elec-
trochim. Acta, 35, 63 (1990).

[221] H. D. Abruna and A. J. Bard, J. Am. Chem. Soc., 103, 6898
(1981).

[222] H. Akahoshi, S. Toshima and K. Itaya, J. Phys. Chem., 85, 818
(1981).

[223] P. Martigny and F. C. Anson, J. Electroanal. Chem., 139, 383
(1982).

[224] K. Ageishi, T. Endo and M. Okawara, Macromolecules, 16, 884
(1983).

{225] M. I. Attalla and L. A. Summers, J. Heterocyclic Chem., 22, 751
(1985).

[226] A. Launikonis, A. W. H. Mau, W. H. F. Sasse and L. A. Summers,
Chem. Commun., 1645 (1986).

[227] S. H. R. Brienne, R. H. Barton, G. R. Clark, R. P. Cooney, C. E.
F. Rickard and L. A. Summers, J. Mol. Struct., 238, 357 (1990).

[228] V. E. Maier, N. K. Khannanov and V. Y. Shafirovich, Kinet.
Katal., 28, 201 (1987).

[229] V. E. Maier, A. N. Kitaigorodskii, N. K. Khannanov and V. Y.
Shafirovich, Izv. Akad. Nauk SSSR, Ser. Khim., 2458 (1987).

[230) V. E. Maier, V. A. Kuz’min, P. P. Levin, N. K. Khannanov and V.
Y. Shafirovich, Izv. Akad. Nauk SSSR, Ser. Khim., 276 (1989).

[231] M. Kodaka and T. Fukaya, Kagaku Gijutsu Kenkyusho Hokoku,
81, 727 (1986); Chem. Abstr., 107, 15346u (1987).

[232] E. Baumgartner and J. H. Fuhrhop, Angew. Chem. Int. Ed.
Engl., 19, 550 (1980).

[233] P. Tundo, D. J. Kippenberger, M. J. Politi, P. Klahn and J. H.
Fendler, J. Am. Chem. Soc., 104, 5352 (1982).

[234] J. H. Fendler, J. Photochem., 17, 303 (1981).

[235] P. Tundo, K. Kurihara, D. J. Kippenberger, M. Polita and J. H.
Fendler, Angew. Chem., 94, 73 (1982).

[236]} K. Ishikawa, Y. Nambu and T. Endo, J. Polym. Sci., Part A,
Polym. Chem., 27, 1625 (1989) and references therein.

[237] D. C. Bookbinder, N. S. Lewis and M. S. Wrighton, J. 4m. Chem.
Soc., 103, 7656 (1981).

[238] J. A. Bruce and M. S. Wrighton, Israel J. Chem., 22, 184 (1982).

[239] D. C. Bookbinder, J. A. Bruce, R. N. Dominey, N. S. Lewis and
M. S. Wrighton, Proc. Natl. Acad. Sci. USA, 77, 6280 (1980).

[240] K. A. Daube, D. J. Harrison, T. E. Mallouk, A. J. Ricco, S. Chao,
M. S. Wrighton, W. A. Hendrickson and A. J. Drube, J. Photochem., 29,
71 (1985).

[241] R. N. Dominey, N. S. Lewis, J. A. Bruce, D. C. Bookbinder and
M. S. Wrighton, J. 4m. Chem. Soc., 104, 467 (1982).

[242] J. A. Bruce, T. Murahashi and M. S. Wrighton, J. Phys. Chem.,
86, 1552 (1982).

[243] D. J. Harrison and M. S. Wrighton, J. Phys. Chem., 88, 3932
(1984).

[244] P. Cuendat, M. Gratzel and M. L. Pelaprat, J. Electroanal.
Chem., 181, 173 (1984).

[245] H. D. De Long and D. A. Buttry, Langmuir, 6, 1319 (1990).

[246] K. A. B. Lee, Langmuir, 6, 709 (1990).



