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267. Zum Mechanismus der Photoreduktion von Wasser mit
Ruthenium-trisbipyrazil als Sensibilisator

von Heinz Dürr, Gisela Dörr und Klaus Zengerle
Fachbereich 14, Organische Chemie, Universität des Saarlandes,D-6600Saarbrücken

und Jean-Marc Curchod und Andr M. Braun*

Institut de chimie physique, Ecole Polytechnique Fdrale de Lausanne, Ecublens,CH-10I5 Lausanne

(9.XI.83)

On the Mechanism of the Pbotoreductionof Water with Rutheniuni-trisbipyrazil as Sensttizer

Sum/nary
Oxidative and reductiveprimar>' steps can be differentiatedin usingRu(bipy)f* and

Ru(bipz)3*, respectively, as sensitizers in a photochemically induced, Pt-catalyzcd
sacrificial water reduction. Experimental evidence for the reductiveprimary step awl
kinetic data are given for the electron transfer to methylviologen as relay compound

Die photochemischinduzierteWasserspaltung hat in den letztenJahren zunehmend
Interesse geweckt, besonders im Hinblick auf eine potentielle Anwendung zur

Sonnenenergiekonversion[1]. Ein wichtiges Teilproblem ist die Auswahl und dx
Optimierunggeeigneter Sensibüisator-Systemefür die Reduktiondes Wassers[2]. Diese
Reduktion kann im Prinzip nach zwei verschiedenen Mechanismen erfolgen: /) der
Primärschrittist eine Photo-oxidation; 2) der Primärschritt ist eine Photoreduktion do
elektronisch angeregten Sensibilisators RuLf**. Für die als Sensibilisatoren weh
verbreitetenRu(II)-Komplexesind beideWege/) oxidativer Zyklus [31 und 2) reduictiver
Zyklus [4] bekannt.

-* RuU+ + A~

D+ ? Produkte

A" +HjO Katalysator ^ 4. l/^-j^ OH'

P

(5)

2)
^ +A

D* > Produkte

A~ +H2O Ktlysator ^ ^ + l^fj^^ QH"
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WelcheReaktionsfolgeabläuft, hängt ab von den Redoxpotentialen des Ruthenium-komplexes, sowie von den Redoxeigenschaften und Konzentrationen der RedoxpaareA/A" und D/D".
Das Redoxpotential von RuLj*kann man weitgehend durch die Wahl entsprechen-derLiganden beeinflussen. Beiheterocydischen Liganden(z.B. 2,2-Bipyridin(bipy), 2,2'-Bipyrazin (bipz)) ist der Reduktionsschritt RuL^/RuL? ligandenzentriert und dasPotential des Komplexes^ korreliert fast linear mit dem ReduktionspotentialdesLiganden -E^: -E^c = ^l + const. [5]. Bei Verwendung von Bipyrazin [6] anStelle von Bipyridin als Ligand werden damit die Redoxpotentiale des Sensibilisatorsderartverändert f7a-Adassin demmeist verwendeten System, mitA = Methylviologen[.V.V -Dimethyl-4,4'bipyridinium-dikation,MV**)als Elektronenrelaisund D = EDTA(Äthylendiamin-tetraessigsäure)als Reduktionsmittel,der oxidative Zyklus / (L = bipy)in den reduktiven Zyklus 2 (L = bipz) umschlägt. Mittels LASER-Photolyse können dieentsprechenden kinetischen Daten gemessen werden.

Fig.1.
yiM/Zn^A-u/Tf der AKfrJj**-m5HW.[RuCbipz)!*] = 6 x 10"*m, pH 5.Ar-gesättigt. Analyse: 603 nm.

5>X>"*>

Die Lebensdauer des angeregten ZustandsRu(bipz)f* * wurde ausderAbklingkurveder LuminiszenzvonRu(bipz)f* * bei 603 nm ermittelt fJ. i;. Dazuwurde einemitArgesättigte wässerigeLösungvon RuCbipz^Clz (6 x 10~* m) [7], mit KH-Phthalat-Puffer'0.1 m), bei 532nm angeregt (Nd-Laser, J/T20Ö0,Pulsweite2 x 10~* s [8]).
'Wie. Jta&up,

l btp\

iWMftrf f.[V

RuLf*'*
-UI
-0,68

(/ lier in den Reaktionen1,

RuL|**'*
0^
1,4

2,3,6 wk/7 ocArie*S

RaLj**

1,98
-0,8
-0,1* Gemessen ge^n die gesättigte Kalomei-Elektrode [5a],

Mit 7.5 x 10~'s ist die Lebensdauervon Ru(bipz>3** etwas niedriger als der von*-( Cru/cÄ/ey [6] publizierte Wert. Nach ^moü>-a/< Z/d7^r[9] ist die Difierenzauf* höhere Ionenstärke der von uns verwendeten Lösung (^ 2) zurückzuführen. BeiZ von EDTA-Dinatriumsalz wird ein noch schnellerer Zerfall des Luminiszenzsig-beobachtet. Der elektronisch angeregte Komplex oxidiert das Reduktionsmittel,
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seine Emission wird entsprechend ÄcaAv/on 6 gelöscht. Die gemessene Reaktion*
schwindigkeit ist proportional [EDTA] (** = f([EDTA]), F/g.2j. Die bd^
Reaktionsgeschwindigkeitskonstante A'^ beträgt 3,9 x lO'' m~* s~*. KoventionelleR
reszenzmessungen ergaben nach 57ern- Ko/mer und unter Berücksichtigungder genwssfc.
nen Lebensdauervon 7,5 x 10"'

s ein /c^ von 9,4 x 10^M ~ ' s~ *. Bei Zugabe von MV**

a
einerwässerigenLösungdes Sensibilisators kann keine Emissionslöschung nachgewiestt
werden;diesesResultatbestätigt den reduktivenReaktionszyklus.ErstbeiZugabebeider
Komponenten, EDTA und MV**, wird nach Laseranregung die Bildung da
Methylviologenradikals MV* beobachtet (Absorption bei 602nm).

2,0.10*-

1.5.10*-
Hg. 2.

(6)

,** JfofiiprJI** ({RuOjipzJjCliI= 6 x 10"* m, pH * 5.

sättigt. A*= 3,9 x 10* M' s" ')
2 4 6 8 B 14.TO"'[m]

[edta]

In einer mit Ar gesättigten wässerigen Lösung von Sensibilisator Ru<bipz)i'
(3 x 10"*M), EDTA-Dinatriumsalz (0,1 M), bei pH 5 (KH-Phthalatpuffer 0,1 M). aod

untersefaiedüchen Konzentrationen von MV*+ (5x10"*, 7,5x10"', lxl0'*u>
entsteht das Methylviologenradikal,unabhängigvon [MV^*], jeweils mit der glckfec
Geschwindigkeit. [MVt] wächst dabei praktisch so schnell an (it^ = 5,4 x 10' s" '). wx
Ru(bipz)|** von EDTA desaktiviert wird (^= Jfcp + ^[EDTA]= 5,2x !0^*s*')
DarausscMiessenwir, dass i?eo^n"on 7 zumindest gleich schnell verläuft wie Ärf:rioiÄ

In einem Reaktionssystem, das Pt als Katalysator zur H^-Produktion enthifc.
vermittelt das Viologen die Reduktion von H* durch Ru(bipz>3 . Ohne Vid^n
entwickeltdas System zwar auch Hjjedoch mit einerviel kleineren Effizienz und uow

ZersetzungdesRu(bipz)3+-Komplexes.Bezüglichder Hj-Entwicklungist der rcduktiw
Zyklus mit L = bipz und $,/2Hj = 0243 viermaleffizienter als der oxidative Zyklus*
L = bipy und ^h, = 0.085 [7]. Im Fall von L = bipy wird ein grosser Tcü d*

Anregungsenergiedes Komplexesin der thermischen/fc&reafoion 5 vernichtet,bevor

zu einer Trennung der Photoredoxpnxmkte kommt, während sich bei

MVt + Ru(bipy)i* ? MV^ + + Ru(bipy)|* <*

L = bipz EDTAnach der Elektronenabgabeirreversibelzersetzt[9]. Für diephoiochä*
scoe HjO-Reduktion, unterirreversiblerOxidation eines geeignetenElektronendonate*
versprichtdamit derreduktiveZykluseinegrössere Effizienz,ohneeineLadungstrcofl'
durch Einführungmikroheterogener[10] oder heterogenerSysteme[11] beeinfluß***
müssen.
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forjrAuHjemW/tcAa/r, dem Ftwtrfr der CAwncAen ftu&arr/e. dem
^ rw /üriferany<&r u-ftvtK-Aq/r//cAnFowAunf ( Projekt 4.397-0.80.4)und dem .Sripeufe

rf C***"***** #"&*"*'' sei für finanzielle Unterstützung gedankt. CD. dankt der
yM, für die Ermöglichung eines Studienaufenthaltsin Lausanne.Herrn Prof. A/. (7rä/ze/dankenwir fürdie

Überlassung der Laserphotolyse-Apparatur.
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POSSIBILITS ET LIMITES DES DIAZACOMPLEXESDE

EN TANTQUE SENSIBILISATEURS
INDUISANTLA PHOTOLYSEDE L'EAU *

Heinz Dürr. Gisela Dörr, Klaus Zengerle et Eduard Mayer

M. O/ga/J/'scrte

Jean-MarcCurchod et Andr M. Braun

//isf/fMi r/e c/i/Vn
fco/e /'o/yfec/7/7/q'ueFtfra/ecte

5, CW- 7075 Z.au.ia/i/7e.

/e 2 7 ma/ /SS5.

RESUME. Les caractristiques physico-chimiques (dure de vie de luminescence, longueur d'onde d'mission

maximale, rendement quantque de luminescence, potentiels rdox et constantes de vitesse de transferts

d'lectron) de sensibilisateurs RuLf* dont L est bipyridine-2,2' (1). bipyrazine-2,2' (2). btpyrtmidine-2,2' (3),

bipyrimidine-4,4' (4), bipyridazine-3,3' (5) et mthyl-4'(pyridyl-2')-2 pyrimidine(6) sont comparesdans les

mmes conditions exprimenttes. Ces caractristiquessont discutesen liaison avec les rendements quantiques

obtenus de l'amoragede la production d'hydrogne.

ABSTRACT. RuL*' complexes,where Lis 2,2'-bipyridine (1), 2.2'-bipyraztne (2), 2.2'-bipyrimidine (3), 4,4'-

bipyrimidine (4), 3.3'-bipyridazine(5) and (4'-methyl-2'pyridyl)-2-pyrimidine(6), wereused for the photocata-

lysed hydrogen production. The corresponding quantum yields are discussed in terms of physico-chemical
parameters (luminescence lifetime, wavelength of maximal emission, luminescence quantum yield, redox

potentials and rate constants of electron transfer) obtained under similar experimental conditions.

reduction

IJc nombreux travaux ont dmontrque tes complexesde
Rr *

peuvent tre utiliss en taivl que sensibilisateurs pour

t'iiKluctiun de la photodissociation tie la molcule d'eau '. H

est dair que les tiganiis l. rattaches nu Ru" sont d'une

importancefondamentalevis-j-vis des cniactrisliques phvM-
cii-chiiniquci du complexe RuLj' form, telles que : dure

de vie de luminescence, r^: langueur <funite d'missionmaxi-

nuiie, >.l. m.: rendement quanliquc de luminescence, <!>,;
potentielredox, /:", des couples Ru**'*\ Ru^'^'. Ru'"'.
Ru* ' *' '

et constantes de transferts d'lectron. Jt, et i,.
Ounsunepremirephase, nous avonsdterminles valeurs

caractcrisliquc-i des principnu.x paraiilres physko-cliimtques
pour une gammede sensibilisateurs dont les Kgantls sont des

di-, tri- ou ltranzabiphcnyles : L=sbipyrtmidine-2,2'{bipm-
2.2') 3: L = bip)'rimidinc-4.4' ibipm-t.4') 4: L = bipyridazmc-
3..V (bipd) 5 et L=trkihyl-4(pyridyl-2')-2 pyrimidine (Me-
pypm) 6. Dansune seconde phase, cet complexes sont utiliss
dans un systme photochimique adquat, sensibilisateur/

' Publication itcUic au Prof. Tino Gumann, Lausanne, l'occa-
on deson 60* anniversaire

relaisd'iectron/calalyseur/agent rducteur, permettantla pro-

dudiond'hydrogneet mettant ainsi en valeur la caractertsti-

que fondamentale pour laquelle ils ont synthtises.
Les rsultais correspondants sont compars ceux obtenus

avec deux complexes de Ru*' utiliss comme reference :

l. = bipyridine-12' (Wpy) 1
*

et t. = bipyr.uiiic-2.2'{l>ip/.i 2.

Ces complets ont t dH)i<is non seulement pour leurs

curacteriMiqttts Ine connues dansce domaiiK il'ctude:, in:u<

galement parce qu'ils engcRdrent deux mcranismts de lac-

lion fondamentalement diffrents : respectivement un cycle
dit oxydant et un cycle dit rducteur ' *. Les iHHiveaux

complexes iiuc nous avons syntlitiss peuvent alors tre

classs dans l'une ou l'autre de ces deux catgories

H)

C)

(3>
f-t)

(5)

RuL]' - RuLj

hA

A-+1UÜ -

RuLj'+A.

NOUVEAU JOURNAL DE ClHMtE. vol. 9, N* I2-I9K5. 0M8-9SJ6/S5/12717 CM/S 2.40,' CNRS-Gauthier-Viltare



7IS II. IORR t'/ ///.

Crc/c* Partie cxpcriii)entalc

RuL;' - RuLj

Rut; +A - RuLj' +A".

A" + H,0 -' A -1-1/2 H. i-Oir,

(1)

(6)

(7)

(5)

o /l est un accepteur d'lectrons (mcthylviolugcnc) ^ cl D
un rducteur qui est oxyd irrversiblement. l*ar consequent.
les rtroractions idles que .

IV H A - O f-A.

Il 1,; +H" - U u 1.1 "

+l>.

(X)

soit pour le cycle oxydant (X). soit pour le cycle rducteur
[(S) et (9)J. peuvent cire ngliges, ce qui donne au cycle
rducteur l'avantage de ne pas contenir une raction dimi-
nuant l'efficacit de la sparation de charge niintoinduiic
[voir rctrorcaetion(3) du cycle oxydant}.

Schma

1-cs spectres de luminescence tics sensibilisateurs ont etc enregistr-
avec un spectrofluorimlre Perk in-Elmer MPF-J4A: les remtcmen:
quanttqucs de luminescence '1'^. sont dterminespar comparaison
un standard de Ru(bipy)j*dont le rendement quantique est conn
{!>,. : 0,0-12) \ loules les solutions tant ajustes au pralable j ur

densit optique de Ü,3 pour une longueur d'onde d'excitation u-

160 nm.

Les dures de vie de luminescence, r^,. les constantes d'inhibition
Jt, et itfc. ainsi que les rendements quantiqurs de production de A"
'''mv *'"" dtermines par photolyse laser. Ni>us utilisons un läse;
au Nodvmc-VAG (JK Lasers System 2(XX)i d'une largeur d'im-
ptiNinnde 2. 10 " s cl d'une lonueur d'oncled'e.\citalion de 5.12 nm
ce laser ci.mi coupl un .[Ktiropluitcimtred'analyse. Les cunsun

les d'iiiluhiliiin, Jcj cl A,,, soul iihlcnucs par un iraucnicm ciivliqu;
du type Slern-Viilmcr ", bas su la mesur oY Ij constante apparente
de dccrrasKincc le la luniinescence en prsence d'inhibiteur des
coHceiilraluws diffrentes.Selon que le cycie est nvydant ou reduc-
leur, l'inhibiteur sera /t (ij) nu Ü (*}. Dans ce travail, 4 est du
mcthylvuitogein: (dichiorure de dimlhyl-N.N' Wpyridine-4,4',
MV") et 0 de I'UDTA (sei de sodium de l'acnie thylnctliaminelc-
inuictiqitc). Les chantillons sont lamponnsa pli 5 par de l'hydro-
gnoplilainlc de potassium (0,05 M| conttennent 6.5.10"^ M de
aimplci de Ru' *

; ta concentrationd'inhibiteur varie de 2. 10"' M
2.10 'M pour le M\"' et de 5. lO'.Vt 2. 10"*M pour

n-DTA ; chaque chantillon est dsar par turhotlagede gaz inerte
(Ar).

Les rendements t|iinnlk|ucs de production tic fadcaii MV**,
"l'uv -. sont dtermins aprs talonnage de l'nergie du faisceau
laser l'aide d'un jocilcmirc (ioutemeter Mode! 172, Uiser Instm-'

mentation Ltd., yj;. IJ, et aprs estimation eiprimentalc du volume
de solution irradie. Ce volume est facilement, dtermin et reste

pratiquement constant pour des ilensil optiques faibles
(/J,_ jj, <0.1). Ces rendements quanliques sont aeules selon les

quations (10) ( 14).

tMr-.i.'-|MVl(ef. /i. 21

K.E,
S - -

Av

(10)

(II)

*.

I". I", . I, v./>,,,
** *

K n,,-. ,.,ll-ln ""}
(14}

i muulue d*\v>>ejclrt>:
rV,^, nombre de phcUH
iV, nuiniirc de phtuons
/), jjj densitop<k|uc de rehauilUjn 532 nm;

/>i.ni densit optique des radicaux de MV' * 602 wo;

""wv. effioenl d'extinction des radicaux de MV
*

602 nm: 1HXX)M ''cm '.
/ trajet uptique. [etn{:
R coeffieicBl corrigeant l rflexions sur les parois

(estim exprimentalement 1.05):
/:, nergie tie 1'itnpulsion laser. [J| (cf. /tjr. I):
1'' volume de la solution irradie. {11.

Les mesures ont t compltes par une tude pli 8 (soluuo*

tamponne par du dthydragnophosphatede rxMassiutn 5. 10 "'

dans laqudk riiDTA a-t reinplae par de ta trithanofciBi*
5.10" M).

Ijs valeurs du rendcroeni quantique de production dhydros
<I,,jj, siwit mesures sur un banc optique en utilisantune cfcctroo'

hydrogne et un aerinomlre intgrant *. La conccnlratKW

platinecullodal est de 9 mg/l (4.6.10"*M).
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Rsultats et discussion

'tme faon generate,on remarque que tes complexes avec

lignmls aromatiques diaza-1,2 ou -1,3 sont de moins
bons sensibilisateurs que le Ru(II)-tris-bipyrazinc (2). tin
puUiculiur les complexes pyrimidiniques (3, 4 el 6) semblent
f;r. miser la dctuctivalion trs efficace du complexecJcctroni-
(|:>cmcnt excite, selon des processus nun radialifs.

I ;i classifioinu selon un cycle oxydant nu rducteur est

l'fucmic la -suite tte mesures jiiuitounctiqucs d'inhibition
de la lumirtexenee; en effet les potentiels rdox pour les
composes tudies (tableau t) confirtnent nos rsultais
(tableau Ü).

Tableau 1. - rvicnltcl rtlox" (V/S).

Tableau 11. Constantes d'-inhibition ou (ic transfert d'lectron cl

type de mcanisme *.

(RuL,)' [M "'s"'] Cycle

1.17.10

4.80.10'
:.*x). io* '

3.90. 10* '

3.9.10'
Oxydant
Rducteur
Rducteur
Oxydant
Owilant

* Le ctimplexe 4 n'est pas utilise puisqu'il ne luminesce pas:
* .4 = mthylviologenc|MV"];
' /) =scl de siulium le l'acide clliylcncdijminctctraactU|uc

U-ITA):
* 1.03. 10*M"'s ' ';
' non detcrminahk dans le dtimaine de concentrationsen inhihi-

leur choisi: le mcanismeest alors mis en vidence par des expriences
qualitatives en utilisant des [KDTA)> 10'' M, sous irradiation conti-

nue;
' obtenu par inhibition de la luminescence (Stern-Volmer):
' sous d'autres conditions exprimentales, c/! reference *.

Si la constante d'inhibition de l'tat lectroniquement
excite du complexe 3 n'a pas pu tre dtermineen utilisant

l'EDT dans le domaine de concentrationsindiqu, tant

donn sa dure de vie relativement courte (T,_.:I90ns;
tableau III). une analyse qualitative du transfert d'lectron

selon un cycle rducteur (raction 6. fcjdO* M"'s"')est

nanmoins rendue possible et confirme un rendement quanti-
que de production d'hydrogne trs faible [*,.,, : 0.005;

tableau IV).

Tableau 111. - Longueur d'onde maximale, dure de vie et rendement

quantique de la luminescence des complex (RuL,)*'. I &.

Rul.j)'*

I
2
.1
4

5

6

fnm|

610
603
6.W
}*; de luminescence
W2
M3*

0.M

U.75
Ü.W

0.58

0.040
tl.W3
(>.IX>2

II.HM
D.CJOX

Tableau IV. - Rendement qimniiqiic de production de radicaux

MV '. <lj.-.. comparau rcndeinent quanl|ue de production d'iiy-
'i.jn,. pH 5. avec EDTA comme agent rducteur *.

I 3*

(Rul.j"-"
(RuL,)-" "
(RuL,)-" "

1.26 1.98 1.69 1.58 1.38
0,84 1.40 ^ 1,00 1.06 0,93

-0.S6 -0.10 -0,20 -0.-18 -0J3
-1.2S -0.68 -0.91 -1,00 -1,18

$*/*.Dans le cas o ^

mcanisme de l'inhibition est oxydant.
-* (-0.44 V) alors le

l\, i/i ni

0,087 .
)-^ M. [EDTA|"5. 10*' M;

Mcanisme

1
2

3
5

0.083
0.278
0.035
0.014

0.120*
0.260
0,005
0.009

O\>ihinl
Rcduvlettr
Rducteur
Oxydant

vot_ 9. N* 12-1985
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TECHNICALREPORT
Photocatalytic Water Cleavage - A Simple Device for
^-Measurement

Sunlight or artificial light sources can be used for photochemical water cleavage
to produce hydrogen and oxygen. Such a system consists of a sensitizer, an electron
relay, and a catalyst. In a sacrificial system art electron donor (or acceptor) has to be
added. A system lite that produces hydrogen which ought to be measured quan-
titatively. The electron donor is used up in the reaction in a stoichiometric way. To
obtain reproducible results an especially designed apparatus is needed. We have con-

structed such a simple device (Figs. I and 2).
A Xenon lamp (a) is used as a light source mounted on an optical bench (b).

The combination of this lamp and a cut-off filter () provides visible light. Hydrogen
evolved by the reaction is collected in a burette (d) which is connected to a flask, con-

taining Kolbe's solution (e) by a hose. Since the volume of the gas evolved is highly
temperature dependent, constant temperature is needed in the whole set up. To ensure
this the whole photolysis vessel (0 is immersed in a thermostatted bath (g). Irradiation
is effected through a glass window (h) in the surrounding vessel. The burette is moun-
ted outside the vessel being connected to the photolysis cell via a glass capillary. Prior
to irradiation the photolysis chamber is purged with nitrogen to reduce Oj to a
minimum. This can be done using the glass capillary connected with a stopcock (j) of
the photolysis cell. Nitrogen gets out of the photolysis cell via the capillary Q) of die
burette, which involves a three-way cock. The Pt-catalyst can be injected through a

septum (k) mounted on the photolysis vessel. This can also be used for a qualitative
test of the gas evolved, for instance to detect H~. Constant temperature is controlled by
an externally operating thermostat. The thermostatted water enters via the outer region
of the burette into the outer vessel. A stirrer ensures the same temperature in the
whole system as well as stirring of the solution in the reaction vessel. In order to fill
the photolysis vessel, the water in the thermostatted bath can be drained by a stopcock.
The reaction vessel has a volume of 20 ml. Using capillaries for all connections redu-
ces the dead volume to a minimum.
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Fig. 2

(a) Xenon lamp
(b) optical bcndi
() cut-off filter
(d) burette

(e) flask containing Kolbe's solution
(f) photolysis cell

received: 16.6.1986

(g) thermostatted bath

(h) glass window
(i) glass capillary
Q) sa>pcock
(k) septum
(1) stirrer

H.Drr, U.Thiery
FB 14 Organische Chenue, Universität des Saariandes

D-6600 Saarbrücken
Fed. Rep. of Germany
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Photosensitized Reductionof CO2 to CH4 and H2 Evolutionin
the Presenceof Rutheniumand Osmium Colloids: Strategies
To Design Selectivity of Products Distribution*
ItamarWffiaer,** RubenMaidan,* DaphnaMandkr/ Heinz Dürr,* Gisela Dörr * and
Klans Zengerie*

ri Z)eparrmiro/OrganicCfteTniswy. 7%< Äefow C/rtioexsiy
P/9CW, /jroe/. and OrgamscA CAenwe,

-<5OO0 5aar6n:*ei.Germany. Ä*iWMardiJ.

Abstract: Photorediiction of CO2to methane and high- hydrocarbonsis accomplishedin aqueous solutionsby using visible
lightand Ruor Oscolloidsas catalysts. One systemis composed of Ru(II) tris(bipyridine), Ru(bpy)j*\as photosensitizer,
triethandainme,TEOA, as electron donor, and oneofthe folkw^ MAT'-dmiethyl-lZ-Wnyridiainv
MQi+ (1), JVJV'-trimethyiene-ir-bipyrkiinium. TQ*" (2), ^JV^-tetramethyleiM^W'-bipyridiBium. DQ*" (3), or W-bU-
(3-sulfonatopropyl)-3 J'-dimcthyM.4'-bipyridmittm, MPVS*(4). Illumination of these systems underCOj in the presence
ofRu or Oscolloidsresults in the formation ofmethane and ethylene and in H2 evolution. In the secondsystem, aiammatio-
of an aqueous solution under COj that includesR(II) trisflnpyrazine)as sensitizer, TEOA as etectroadonor, and theR^
colloids leads to the formation of methane, ethyjene,and ethane, and no Hj-evotution occurs. The reduction process of CO,
proceeds via electron transferofmeat-activated CCXrather than through a hydrognation route. Detailed studiesshow that'
the Hj-evolution process can be inhibitedby the addition of bipyrazine, white CO, redaction is inhibitedin the presence of
addedthiols. Methanatioa of COjby hydrogenproceeds in the dark in the presence of Pt and Rn or Oscolloidsand in the
presence ofMQ**"(1). Theseed for the deem relayimpfiesthat the methanation processoccurs through an etectroiMraasfer

Photosensitized cleavage ofwater to hydrogen and oxygen and
reduction ofCOj to organicfuels are ofsubstantial interest for
the solar light-induced conversion of abundant materials to novel
fuels." Extensive efforts have been directed in recent years
toward the development of pnotoinducedHrevototksystems.*-*
Homogeneousphotosensitize such asRu(H)tris(bipyridine),
Ro(bpy)**or Zn porphyrinshave been applied ta photosensitize
the reduction of variousrelay compoundsthatmediate Hjcvo-
lution from aqueous solutions. For example, photoreducediV,-
A^<Klialkyl-4,4'-bipyridinittmradicals (viotogen radicals), Coflll)
sepulchurate,or Rh(bpy)j^" mediate Hj evolution from aqueous
solutions in the presence ofheterogeneousmeadcolloidssuch as
Pt or Riu*~' H2 evolution has also been accomplishedwith

ofpowdersor microheterogeneouscoDoids."-" Inthese systems
metals suchas Pt or Rh immobilizedon the particlescatalyze Hj
evolutionbyconduction band electrons formedby excitation of
the semiconductor. Severalcyclic systems for the photodeavage
of water have been reported,'"* although other studiesquestioned
the cyclic activity of the systems." Recent efforts were ate)
directed towardthe photoreductionof COi to organic fuds.'*"^'
Reductionof COj mightproceed to various products (eq 1-8).

2H+ + 2e" H2 -0.41 V

le" CO2- -2 V

(1)

(2)

(3)

CO2 + 4H+ + 4e~ C + 2HiO " -0.2V (4)

CO+ 2H*+ 2e" HCOOH -0.61 V (5)

CO, + 4H+ + 4e- HCHO + H,0 HJ.48 V (6)

CO, + 6H* + de* CH3OH + H,0 -0J8V (7)

CO2 + 8H* + 8e" CHi + 2H,0 -0.24 V (8)

Thestandard redox potentialsofthese reactions at pH 7 are given
in the respectiveequations"-^ and comparedto that of H,evo-

lution. It can be seen that, while the single-electron redaction

'The Hebrew University of Jcnisatem.
= Universität des Saariandes.

potentialofCOj (eq2) exhibits an extremevatae, themultidearon
reductionpotentials of CO, ü> CO. formate, formalder - :;. and
methanol exhibit comparable values to that of the Ht-c-. uiutioo
process. Furthermore,the reduction potential of CO^ 10 CH, i
thermodynamically more feasible than that required to reduce
protons to Hj. Nevertheless, despitethe thennodynamic feabffir>
to reduceCOj, weanticipatekineticdifScnlries in accompnshint

(I) Far a prelümnary report see: Maidaa, IL; wniner, L 7. -4m. C3kK
Sot 1986. 70S, 8100-8101.
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. processes due to the need to pursue multielectron reduction
Thus, reduction of COi in aqueoussolutionsis expected

accompanied, or eventuallyobscured,by the kineticaUy
% evolution.
recent studies haveexplored the photoinducedfixation

^0:- Photoreductionof CO, to CO (eq 3) has been reported
Leb" and co-workers"in two different systems using Re-

^(.CO^Cl as photocatalyst or usingRu(II) tris(bipyridine),
ut"bP>' '"* " sensitizerand cobalt(II) chloride as electron relay.
-, ihe i.-.'.tsr system Hjevolution is accompanied byCO^ reduction.

i*otür:--ction of CO, to formate (eq 5) has been claimed by
-jzuke.-

"

but later studies questionedthe formationof formate

i, CO; reduction.'* Reduction of COi to HCOj" has been re-

by Lehn" using Ru(bpy>3-+ as photosensitizer in a di-
lide-methanolamine- ous mediumthat contains

CO;-
Fixation of CO; to various organic fuel products in very low

,<Ws has been reported by use of semiconductors.^ We have

endy reportedoa the specific photosensitized fixation of CO,

-to organic acids or formate using enzymes as specific COy
5jtadon catalysts.-* Similarly, in a primary notewe have exetn-

^ifteu : 1: applicationofRu colloids as catalysts for thephoto-
Isdnctwp. of COi to methane.'
Here we describe the photosensitized fixation of CO> to CH

od higher hydrocarbons usingvisiblelight. In these systems Ru

iadOs colloids act asCOrfixation catalysts. We discuss two

afferentsystems for the reductionof COj to CH. One system
evolves the primary photosensitizedreduction of iVJV'-bi-
pvridinium chargerelays that mediate COj reduction ami Hj
ihition in the presence ofRu andOscofloids. Thesecondsystem
iavolves the selective reductionof COjto CHbyusing photo-
{merited Ru(I) tris(bipyrazine) andaRu metal catalyst. We
jso provide meansto control the seiectmtiesofCO;rduction
.s. H; evolution by properadditives. As far asweareaware, these
rotcrns 2iv the first cxzuxxpicsfor the photofndoccdreductionof
CO;toCH*.
Exprimentai Methods
Absorption spectra were recorded with a Uvflajn-860 (Kontron)

earophotometer.Gaschromatograpfay analyseswere performed with
Pickard427 instntntcot (tbcnosl conductivitydetoesor) ferH^sraiy&s
ad Tracer 540 gas Chromatograph (flame iosizanon detector) for
set haue, ethane, and ethylene analysis. For Hj separat a 5-A MS
aiumn and argon as the carrier gas were used. For hydrocarbon
miyiisd PorapakT-column and nitrogen as the carrier gai were used.
Sot anc shapeof Ru and Oscolloids were determined with a Jeol 200 -

QC electron t&cro$cop& Elexncataiy costposiDoiiofpsftscfes was <c-

'amined with a Link860 <

measurements were carried oat wits a Perkin-Elmer 403 spectropho-
meter. Continuousilluminationswereperformedwith 150-W xenon

limps (PTI). Laserflash experiments were performed ona DL 200
iMolectron)dye User pumpedby a UV-IU nitrogen laser (Molectron).

were recorded on a Biomation3100, and poise collection was

with a Ntcotet 1170.
Preparation of Metal Colloids. Colloids were prepared by the re-

^cuon of the respectivemetalsalts with citrate as reducing agentr^ A
-:um citrate solution,100 mL, that containsRod* 16 mg, or

: 5 mg. was heated to 100 *C overnight. Hie resulting colloid

"pensionswere centrifuged and dtalyzed. Metalcontest of colloid

pension was determinedby atomic absorptionto be60 mg L~* forRu
'" "

and 95 mg L"' for Os colloid. The meanritamcrcrofcolloid
Erodeswas estimated by EM to be 400 forRu colloid and 50 A for

0* colloid. An alternative procedure for the preparationofthe Rn colloid
ofves the photochemical reductionofKjRuCl. TWscototd exhibits
provedcatalystactivity toward reduction of COjto CrL> A 3-mL

Carbonate aqueous solution. pH 7.S. that includes Ru(IT) tris(bi-
^ "

Ru(bpz),**. I x Iff* M. KjRuCl.2 x 10" M. and tri-

=*>nolamine, 0.1 M, was illuminated for 20 min with a 150-W xenon

^o. To the resultingsuspensiona mixed-bed kmexchanger (Ambertite

^B-v ,vas addedto exclude all ions, and the colloid was filtered off. The
Sewdiameter of the resulting colloid is estimated by EM to be 100 A.

V_Y'.Dmethyl-2^'-bipyridiBtim.MQ** (1), iVJV'-trimethytene-
TQ** (2), and iV"Jv"<^etramethyiene-2^-bipyridiakim,

/. ^m. CAem. Soc.. Ko/. /09. .Vo. 20, /9S7 6081

* (3). were prepared according to literature procedures.-* /vUV-
Bis(3-suifonatopropyl)-3J'-dimcthyi-4.4'-bipyridine. MPVS" (4), was
prepared by the reaction of 3_3'-ditnetliyM.4'-bipyridine with 1,3-
propanesuitone.To 100 mgof3J'-dimcthyM.^-bipyridinc-^ was added
390mgof 1.3-propanesultonc. The resulting mixture was heated to 120
C for 15 min withoutsolvent under nitrogen. To the resulting semisolid
was added 5 mi. of OMF, and healingat 120 C was continued for 3
h. After cooling, the white precipitate of 4 was altered ami washedthree
times with acetone;yidd 89%. The productgave satisfactory elementary
analysis.

Continuous-illuminationexperiments were performedin a glass cu-

vette equipped with avalveandstopper. Samples ot 3 mL each contained
a ruthenium or osmium colloid.20 mg/L; TEOA,1.0 x irr' M: NaH-

CO,, 5.0 x lCT* M: Ru(bpz),=*.1.0 x irr* M or Ru<bpy)j-+, 1.4x iff*

M:and one of the electron relays (MQ*\TQ,DO/*, or MPVS), 1.4
x IO~* M: atpH 7.S under a COjatmosphere. Cassamples were taken
out from the cuvette at time intervals ofilluminationand analyzed by
the respective gas chromatography analyses.

Methane ami hydrogen inhibition experiments were performed in
irirnilar cuvettesoo 3-m.L samples containingthe nithenitinx colloid. 20

mg/L: EDTA, 3Jx 10"M:NaHCO,. 5.0x iff-* M;R(bpy)j-,1.4
x lO-'MiandMQ**, 1.0X 10"* M: atpH 6J) ander a CO,atmosphere.
The rates of formation of methaneand hydrogen were followed at dif-
ferent bipyrazine or l,4-dimercapto-2J-butattediol, dithiothreitol (DTT),
concentrations.

Dark reduction of COjwas performed in a glass pressure-resistant
f63G2^sx ilssic coffyyecttrtf u^o^^EjX ä ore^si^fc 29HSC to s^ bh&h^^Osu ^näpttniy
accurate control of the gaseous atmosphere composition. In a typical
experiment, a solution containingRu and Pt colloids. 20 mg/L each.

NaHOOj. 5jOx 10-* M.andMQ", U>X HT*M.wasstirred ander 0.75

atmofCO^andOJSatmof Hj. Under these conditions methane and

ethytenewere formedas assayedby GC analysis. Exclusion ofthe relay
from tJtc rcdctxoQytcnicit so products
Results and Discussion

Photoreductionof iVJV'-dialkylbipyridinium salts*-^ in the

presenceof Ru(bpy)j**,metaltoporphyrim.and organic dyes^
in the presence of sacrificial electron donors and thesubsquent
evolution of Hjwith metalcolloids*'''' have beenstudiedexten-
sively. Various organometallic complexes suchas Co(II) por-

phyrms^ or CoandNi macrocydic complexes^ athibit catalytic
activity in theelectrochemical reduction ofCO,. Nevertheless,
the electrocatalync potentialsareusually far frombeingadequate
to bappüedin the photcsensitizedreduction of COj. Ruthenium
and osmium metals areused^"' as heterogeneous catalysts in the
methanation ofCOi(eq 9). Although this process proceeds at

2HjO (9)

ggests that these metalsdevated temperaturesand pressures,it
activate CO2 toward reduction. R elcctroch ai studie

by Frese^ have revealed that Ru electrodes catalyze the elec-

trochenricalreduction ofCO2 to CHi(eq 8). In these studies CO^
toCH*has beenaccompl

fÜ) Furlong. D. N4 Uunikon. A^Sase.W.H.F4Sanders.J. V.

<*.^oc fararfaj' Tnn. / 1984.50, 571-588.

I in aqueoussolutions (pH
4.2-6.8) atelectrode potentials(") as low as -0.55 V vs.SCE.

Together withCO*reduction to CH*. hydrogen evolution ob-

served as wefl as reduction ofCOjtoCO. Thus,wehave decided

to examinethe photosensitized reduction ofCO?to methane in

the presence of Ru and Os colloids.

(24) Homer. R. F.; Tomfinson.T. E. /. Om.Sbe. 196ft. 249&-25O3.

(25) Stoehr. C; Wagner. M. /. imfa.C&.1893..1-23.

(26) Amouyal. : Zidler.B^KeHer.P;Moradpo.A. CJon. >s.It
1988.74,314-317.

(27) (a) Bock. C IL; Meyer. T. J4 WMaen.D. G. /. y*n. Cacti. Soc.

1974.90. 4710-4712. (b) Kalyanamndaram. IU GritteL M. Äefc. CMm.

ztoa 1989. <ö. 478-485. (c) Krasna.A. LiAoioeÄ*m. />ftotoio/-1979.29.
267-276,

(28) Takanashi.IC: Htratsnka. U Sasaki. rL: Tojima. S. CSem. Lr.
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Soc^Om.Cbmina. 1984. 1315-1316. (c) Peace. D. Ju Ptetcher. D. /.
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(30) (a)SotymoiF-ErdohelyiA^ Kaois.M./.C.Soe,Fwarfir/
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Figure 1. J^ieofphotosensitizedCHformation (A) amiHjevolution(B) in the presence ofthe variouscharge relays and Rucolloid: [Ru(bpy),--

1.4 X 10"* M,[reky] 1.4 x HT* M. [TEOAJ 1.0 X l<rM. [NaHCOJ
Key: (a) MQ**; () DQ**; (O) TQ*"; (a) MFVS.

Photosensitized H, Evolution and COj Reduction Using Bi-
pyridinium Electros Relays. The reductionpotentials for Hj
evolutionand COjreductiondepend on the pH ofthe aqueous
media. Both ofthe processes are thcrmodvnamicaflyfavoredas
the pH of the aqueous solution decreases Yet, the reduction
potentials forHjformationdecline morepositivevalues sharper
than those ofCQj as the pH of the solution decreases.** Thus,
to thcrmodynamtcaHyfavor COj redaction over Hj evolution, it
is advantageous to perform the reactions in baskaqueous media.
However, since CO^ in aqueous solutions exhibits complex
equilibriawithHCO3" and CO3*"(eq 10) matarestrongly affected
by the pH, one is limited to the region employed. We have
examined the photosensitized reduction ofCOjin aqueous solo-
tions at pH 7.8 where CO; consists of 3% of the total carbon
dioxide introduced that correspondsto 11.2 jiM.**

HjO H2CO3 *-H* + HCOj- 2H*
(10)

Wehavestudied the COrreduction and Ht-vo1d l processes
in aqueoussolutions where photosensitized dectFOG-tnutsier r-

actions result in reduced bipyridiniumradical relays. In these
systems Ru(II) tris(bipyridine) is used as photosensitizer and
tricthanolamine,TEOA,as sacrifrcalelectron donor. Ascharge
relays we have applied MiV'-dimethyi-2J'-biByrSnium, MQ*+
(1), **

CTj TO**" (2)

MQ** 11

K
MPVS (4)

methylene-2.2'-bipyridmium,DQ** (3), or iVJV'-bis(3-
sulfonatopropyl)-3j3'-dimethyl-4,4'-bipyridinium, MPVS" (4).

(33) Keene. F. R:Crcatz. C; Swin.N. Gwrf. Cfcem. Ä7. 1985. d>.'
247-260,

(34) Asada. K. In OrjomconrfÄxo-oryamcOmtnry (^Cv6or Diaxu^e:
Inoue. S^ YamazakLN.. Eds4 Kodamha: Tokyo. 19S2.

5.0 x lCT^ M.[RucoUoid]= 20 mg/L.pH 7.8 under CCU atmospct

One of the colloids, Os or Ru, is included in the systems as 2

COi-reduction or a Hi-evolution catalyst. These charge rdays
were selected since their reduced forms exhibit more negative
reduction potentials than WS^-di2lkyi-4,4'-bipyridinium ivioogcn)
radicals. Previous studies have indicated that the redur.- .-iTpo-
tentials ofbipyridinhim salts [*(V*"/V*)J,arestrongly affect
by steric interactions in the molecular structure," Recmctior
ofthe brpyridmiBmsalts tends to bring thetwo pyridme rings into
a planar macuuc to gain effectiveirr overlap and resonance

ddocalizatioa. Hence, substitution ofthe ortho positions ip
bipyridme structure distons the two rings fromplanarity. Con-
seqientry, their reduction is more difficult, and the reduced fore:
exhibits more negative reductionpotentials as compared to tbe
stericafly unhinderedrelays. For example,the reduction potent:
ofWV'-bis(3-solf!aworopylM.4'-bpyrfimum,PVS f5 . cor-

responds* to (PVS*7PVS*) = -0.41 V, and introduction
the two methyl groupsin the ortho positions to obtain tn: reb>
4 introduces sufficient steric hindrance to decreasethe reduction
potential M the value of(MPVS-/MPVS) -0.79 V. The
reduction potentialsofthe various relays used in our studiesart
summarizedfat Table L

Illumination ofthese systems with visiblelight (X> 400 tus)
under a gaseous atmosphere of COj results in the formationof
methane and ethyiene,CtHaswefl as the evolution ofH;- Figarc
1 shows the rates of CH, formation and Hj evolution by the

differentrelaysand Rncolloid as catalyst fix- the reaction. Figure
2 exempliEesthe ratesofformation ofCH4and CjHia.- _ jnenoe

ofillumination timewithMPVSas relay andOs asca;..>>-- **

quantum yieldsfir the formationof the various products an **

different eiecuou relays and the Os and Ru colloids as cauly*
d f H

u relays and the Os and Ru olloids
m Table L It is evident that the yields of Hr

evolution and COrreduction products increase as the reduct

potentials of therebyis more negative. For example, by
theRn colfcid and MPVSas rekyC"'H3.79 V), thequantoff
yields for H-, volution and CH formation are *(H;) " -* *

10- and *(CH) 5.7 X 10"*, while with the relay TQ <*
"

-0J5 V) the respective quantum yields correspond to o' H;' *

2^ x lO- and (CHJ 2J> X 10"*. When argon : 1--- -- 7
gaseousatmosphereinstead of CO3, only H^evoltttio.- --

Thequantum yields for H;evolution in the presenceo;
ferent relays and metal catalysts are also summarized 1

L Controlexperiments reveal that aU of the compoaeffls^
in the systems are essential for Hj volution as well as "

reduction. Exclusion ofeither the electron donor, charge '

or catalysts prohibitsany photoproductformation.

(35) (a) HfimfrS^Gn.J. Schenk.W.y*fg-* <

324-338. (b) Hüntf. Su Gros. J. rr*<rent. 1968. 1**
(36) Degaw.Y4Wfflner, I. X Hm. CAem.5oc. 1983. ."'
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'.al* ! Quantum Yields for H,

relay

DQ-*
TQ-*

'. V

vs. SHE"
-0.79
-0.72
-0.65
-0.55

Evolution and HydrocarbonFormation

IO^Hi)
2.6 (80)"
1-7 (51)
1.8 (56)
0.28 (8)

Ru colloid catalyst
10**(CHJ
5.7 (4.3)
2-3(1.7)
1.4 (1.1)
0.20 (0.15)

in the Presence of DifferentRelays and Ru or Os Colloidsas Catalysts'*

10**(CiHJ
1.9 (0.1)
0.73 (0.03)
1.08 (0.05)
0.18 (0.01)

10*<*(H,)
1.9 (58)
3.0 (91)
9.2 (270)
0.64 (19)

Os coilotd catalyst

lCr\*(CH*)
2.1 (1.6)
0.52 (0.4)
0.61 (0.5)
0.12 (0.1)

IO^<*(C;HJ
1.04(0.05)
0.29 (0.014)
0.67 (0.03)
0.15 (0.008)

Mn .ill ystems [Ru(bpy)j-*] = 1.4 X IO~* M. [TEOAl = 1 x 10"* M. [relay! * 1.4 x 10"* M. aqueous 0.1 M bicarbonate solution uader COj,

I
-

j.
' Kalyanasundaratn. K. Coorrf. Qtem. Äeo. 1982. -AJ, 159-244. 'Furlong, D. N-; Johansen. O.: Uunikonis. A.; Loder, J. W.; Man.A.

.H.. i-ise, W. H. F. s4uxt. ./. CSem. 1985,JS. 363-367. 'In parentheses volume(jtL) ofproducts formed per hour.

0 20 40 60 30 100 120 I4O 160

Illumination Time (min)
Ftgare X Yield of methane and ethylene formation as function of

olttmination time with MPVS as relay and Os colloid as catalyse

t&tfbpy),**] 1.4XIO^M,[MPVS1 1.4 X 10"* M.fTEOA}- UJ
x 10"M.[NaHCOJ 5jO x 10* M.[Os colloid] * 20 rag/L. pH7.8

anderCOj atmosphere. Key: () methane; (O) ethylene.

other metal catalystssuch as Pt orPd are inactive toward the

redaction of CCX, and only H; evolutionis observed. Also,
substitution of the charge relays by /vy\f'-dimethyi-4,4'-bi-
pyridintum(methyiviotogen,MV*"") does not yield the redaction
of CO., and the blue radical cation (MV*) is accumulated.
The'lack ofHj evolutionandCH* formationwkhMV** as

charge rekysuggeststhat thereduced relay MV**doesnot exhibit
the reduction potential required to evolve Hi from the bask

aqueous medium (pH 7.8) or to reduce metal-activated CO^.
Theresults dearlyindicate thatthe photosensitized electron-

transfer reaction leadsto the reductionof COito methaneand

ügher hydrocarbons. Thus, Ru and Os colloids are indeed
Heterogeneouscatalysts that activate COj toward the reduction.
Nevertheless, the redaction of CO* in the aqueous media

nonscscific, and substantialamountsofHi are evolved. la fact

H; evolutionis the predominantproduct in the photosensitized
transformations.
The mechanism that leads to H* evolution weil established.*'

It involves the oxidativequenchingvia electron transfer of the
cited sensitizer Ru(bpy)j^ by the relay (R*+), followed by
charge separation(eq 11 and 12). Oxidationoftheelectron donor

-- Rtt(bpy)j** + R' (tl)

Ru(bpy),*++ TEOA Ru(bpy),* + TEOA** (12)

A bythe oxidized sensitizer recycles the tight-active com-
.c. and the reduced relayis accumulated. Electron transfer
m tae reduced relayto the metal catalyst chargesthe colloid,

*"d in the presence ofprotons, metal-bound Hatomsare formed

*d their dimerization leads to Hj evolution." Figure 3 sehe-

"tically representsthe Hr-evolutionprocess. Thefact that Ru

(37) Degam. Y.: Wiltner. L y. C.Soc, ia*f rwf.J198.37-41-

hv ,'
CH *HjOnidalon

Products

TEOA

Fignre 3. Schematic cycle for photosensitizedHj evolutionand CO}
reduction usingbipyridiniumelectron relays (R?*).

or Os colloids are essential catalysts for the reductionofCO,

clearly indicates that COjinteracts with the metal surface and

that it is activated toward the reductionprocess. The reduction

might proceedvia two alternativemechanisms: () hydrognation
ofmetal-activated COj viain situ generatedHatomsthat lead

tothe methanationprocess (eq 9) [Similar photoinduccdhydro-
genation reactions and utilizationof in situ generatedhydrogen
atoms have been exemplified with unsaturatedsubstrates. Le.

ethyiene and acetylene, and heterogeneousPt or Pd colloids."]
and (ii) direct reduction of metal-activated COj via electron

transfer fromthe charge relay, independent to the Hj-evolution
system (Figure 3).

Dark experimentsexclude the hydrognationpathway as the
mechanistic route for the reduction of CO* toCHand implythat
the reduction process proceeds throughelectron transfer fromthe

reduced relay. In these experiments an aqueous bicarbonate

solution (pH7.8) that included the Ra.orOs colloid was stirred

in a sealed flask under a gaseous atmosphere that includedHj
(0.75 atm)and COj (0.75 atm),and ao hydrocarbons have been
dettCTffi Similarly, addition of the charge relay MQ** to the

system did not leadto any hydrocarbon produces. Yet,addition
ofa Pt coßoidto tile systemthat included either Ru or Oscoilotd

and the chargerelay, MQ*\ resulted b the formationofmethane

and ethylene (CjHi). laa control experimentwhereMO?*was
excluded fromthe system,and Ru orOs and Pt colloids were

present, no reduction of CO, occurred. Similarly, whenthe Ru
or Oscolloidswereexcluded and the Pt colloidandMQ**were
present, onlyMQ** was formed andno COrreductionproducts
wereformed. This set of dark experimentsclearly indicate that

the reduction ofCO*to hydrocarbonsproceeds via electron transfer

rather than through thehydrognation route. Theprimary step

involves the Pt-catalyzed reduction ofthe chargerelay MO?*(eq
13). The generationof the reduced relay, MQ**, allows the

subsequent reduction of Ruor Osmetal-activated CO* to methane

and higher hydrocarbons (eq 14).

Hi + 2MQ*+ 2H+ + 2MQ** (13)

8MQ-* + COj + 8H*
lUarOs CH* + 2HaO + 8MQ** (14)

It shouldbe notedthat thesecontrol dark reactions suggesta

new importantroutefor the methanation process of CO2(eq 9).
At present, thereaction conditions using H7 and CO, require high

pressures andelevated temperatures.^"' Our results indicate that

addition ofan electronrelayand proper etectron-transfermediating
catalysts affeas the process at an ambient temperature and low

pressure.
PfcotoreductioaofCO?with Ru(bpz),-*as Pfaotostnsttizer. The

resultsdiv^iTSf^ untilnowdemonstrate that Hjevolution occurs

concomitantlyto COj reductionand the former process is the
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TEOA Ru*t &)***

Ru 1MZ )

Figure 4. Schematiccyde for paotosensKedreductionof CO-. io CH*
using Ru(bpz)j**as sensttizer.

Table IL Quantum Yields and Turnover Numbers (TN) for
Hydrocarbon FormationUsing Ru(bpz)j**
System*

I

II

(CHU)
2^ x 10"*

(0.15)
4.0 x Kr*

(2.4)

*(CjH)
3.5 x 10-*

(0.014)
7.5 x 10-'

(0-36)

*(CÄ) 1
2X 10-*

(0.008)
4 X UT>

(0.18)

NlRu(bpz)j*+]
1.8

15

'System components: [Rii(bpz)j
X 10" M. [Ru colloid] = 20 mg IT" [
I, aqueous solution;II, waier-ethanot, 2:1.

of products formedper hour.

=*] = 1.0 x 10" M, [TEOA] = 1

[NaHCOJ 0.05 M. Systems:
*
J y

*In parentheses volume

predominating reaction. Assumingthat CO, reduction does not

proceed through a hydrognationmechanismsuggests that spe-
ciiicitytowardCO,reductionmight be designed. A strategy to

induce selectivity into the processand favor CO,redactionover

Hj evolutionwill involve the design of a couple composedof a
reduced relay-catalyst systemthat exhibitsakineticbarriertoward

Hj evolution but still allows CO2 redaction. R(II) tris(bi-
pyrazine),Ru(bpz}]^is a photosensitizer thatabsorbs in the

visibleregion (X^ 443 am, 15000NT* cm"*) and exhibits
a long excited-state lifetime (r 1.04 ps).*-" It is reductively
quenched via electron transfer by varions electron donors Le.
triethanolamine,TEOA (eq IS). The reduced photoproduct,

+ TEOA-*
L-dec products (15)

Ru(bpz)j*, is a powerfulreducingagent( =-0.86Vvs.SCE)
capable thennodynamically to evolve Hjas well as toreduce COj
toCH. Nevertheless,it has beenreported that Ru(bpz)j* does

not mediateHj evolution at pH 7.8 in the presence of hetero-

geneotts catalysts such as Pt coBokL* Thosit exhibitsthe kinetic
barrier for H,evc>lution and meets the basicrequirements to design
selective CO, redaction.
We thereforeexaminedthe reductionof CO, in aaaqueous

system that includes Ru(bpz)3** as photosensitizer, TEOA as

electron donor, aad the Ra. colloid as CO, reduction catalyst.
Illuminationof this system (pH 7.8, X> 400 am) results in the
reduction of COj to CH aad the formation of oligomerated
hydrocarbons ethyleneand ethane (Hgure4). No H,formation

isobserved in thesesystems, and COrredaction productsare the
sole products. TableII summarizes the quantum yield for the
formation of the various hydrocarbonsaad theturnover numbers
of the photosensitizer.

Control experiments reveal thatindeed COj is photoreduced
to methane,ethylene, and ethane, niuminationofa system that
includes the colloids under argon instead of CO, does not lead

to any hydrocarbon products. Also, exclusion of the Ru(bpz)j^
from the system does not yield upon illumination under CO, any
hydrocarbonproducts.Thus, it is evident that a photosensitized
electron-transfer reaction in the visible absorption region leads

to the reduction ofCO,.
A hydrognationmechanism of CO, to the hydrocarbons in

thesesystems can be excluded since noH, evolution occurs either

in the presence of COjor under argon. ThatCO, is reduced via

electron transfer is evident fromlaser flash experimentsas well

as steady-stateillumination. Excitation ofan aqueous solution

O8) Cnttchtey. R. J Le*er. A. B. P. J. ^tor. Own. Soc. 88. 702.
7128-7129.

(39) Crotchkv. R. Ja Lever. A. B. P. /wj. Oo. 19.2i. 2276-2281
(40> (a) Durr. H4Dorr.Gu Zengerte. C: Carehod. J.-M4 Braun. A. M.

ffeir. CWm./toa 19*4 . 2*52-2655. (b) D8rr. HuDorr.G-Zenserte.
IC: Mayer. E.; Coicbod. J.-M4 Braun. A. M. Amc. /. CWm. 1985. 9.
717-720.

**"**"'"*^^
5Ojusec

Fjcare5. Transientspectra fo; ifflu BonofRu<bpr,*\i;
x 10"* M,andTEOA, 0.17M solution, pH 9.5. Systems are flashoi i:

X 440 am aad product, Ru(bpz)j*, is followed at X 500 ran: (a i

under argon or C> (b) in the presenceofRu colloid (20 mg/L)ander

2 5 4 5
Illumination Tone[hours j

Figure. Rate ofhydrocarbon formation as a function ofillumiaatior
time in the R(bpz)3** system: [Ra(bni)j**} 1 .0 x 10"* M.
1.x 10" M. rNaHCOjl 5.0x 1CT* M [Ra colloid} 20 mg/U

pH7.8, water-eihaaol (2:1) solution uwlerCOiatmosphere. Key: (OU

methane; (a) ethylene;() ethane.

that includes Ra<bpz)j**andTEOA under argon bya Kg" ""!&

(Xob * 440 nm) resultsin the trace displayedin Figure : .
It

correspondsto the reductive quenching of Ru(bpz)j-^ to :orm

Ru(bpz)j*(eq 15). The trace shows an initial decay for ca. SO

fis andafterwarda steady-state accumulationofRu(bpz)3*. The

initialuQC2visuneto21ccmnotfifltiQn01R.th\mPZ/t ^^iicft *c^J** *

but since TEOA** is simultaneouslydecomposed, a net stead;-

state accumulation of Ru(bpz)j* is observed. Addition of CO;

(instead ofargon)doesnot alter thetrace obtained upon flashing
Thus, no electron transfer fromRtt(bpz>3*to CO,occurs. Ad-

dition of theRu colloidto the system under argon results m tbc

decay ofRu(bpz>j* (t * 170 ms). Emptyingthat electron i-zn>f<?

fromRu(bpz)j* to the metalcolloid occurs. In turn, fksr:/- ^

system in the presenceofCO, and the Ru colloid results u*i th=

trace displayed in Figure 5b" It is vident that under the*:

conditions a rapid decay (r 50 ws) ofthe photogeneraied R-
(bpz)3*occursand Rtt(bpz)j** is regenerated. Namely, p*J^
generated Rtt(bpz)3* iscapableofaffecting the etectron transi

to Ru-activatedCOj. a process that ultimatelyyields the h\-

drocarbon products.
It is established that Ru(bpz)j* can be photogenerated up

steady-state illumination of ao aqueous ethanol solution iw

contains the photosensitizer Ru(bpz)j-* axi TEOA.'"
' " " "

cumuiattonofRu(bpz)j* in ethanol solutions is presum
a
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figure 7. Effects of added CO, on photogenerated Ru(bpz>3*. Ab-
irptionSpectra: () Ru(bpr>j**-,U)X IQ-* M ta water-ethanol (2:1)
underargon; () photogenerated Ro(b^)j'*' prepaied by ühaninarioa
o('Ru{bpz)j^* in tlpresence ofTBOA, LOX KT"M:(-) obtainedupon
injection of CO, to photogenerated Ru(bpz)j*. In ail samples [Raooiloid] - 20 mg/L.
to the rapid irreversibledecomposition ofTEOA"*" in this medium
(eq 15). Thus, the effective photogenerarion of Ru(bpz)3* in
ethanol solutions suggests thatenhancedquantum yieldsforCOj
reductiontoCHcouldbeaccomplished in this mwftmi We have
examined the photosensitized rduction of CO; to CH in a
ater-ethanol(2:1 ) mixture using Ru(bpz)3**as senstozer,TEOA
as electron donor, and the Ru colloid as catalyst. Illumination
of this system underCO results in toe formation of CH, and
higher hydrocarbons. The rate of CH formation (Figure 6)
corresponds to a quantumyield of <A = 4.0 X 10""*. This value
is 16-fold higher than the quantumyield for CH formation in
pure aqueous solutions and is mainlyattributed to the effective
photogenerationof Ru(bpz)j*" in the ethanol-water solution.
Steady-state illumination experimentson this system in theabsence
we -resence ofCO2 and the Ru colloid support the electron-
transfermechanism for reduction ofCO>. Illumination of the
hanol-watersolution that includes TEOAand the photosensmzerRu(bpz)/+results in the photoreduction of RT^bpz),***to Ru-(bpz),+,X 470 nm (Figure 7, eq 15). Uponaddition of the
Ru colloid orCO? the photogenerated Ru(bpz)j*is unaffected.
Addition of both of the components, the Ru colloid and CO%results in the reoxidationof Ru(bpz)j**"and evolution ofCH,implying that the photosensitizer is recycled in thephotosensitized
evolution of CH as well as supporting the electron-transfer
mechanism. It should be noted that illumination of this systemis " ' formed in the region of X 420-450 am. We find that
illumination ofthesystem with lightof X> 400 nm results is poorability of the photosensitizer. The absorptionspectra of Ru-
(bpz)j"- and Ru(bpz),*(Figure 7) show that the two componentsexhibit an overlapin their absorption bands. Thepoor stabilityof the photosensitizer, under conditionswhere Ru(bpz)j* is also
cited,suggests thatthe photoproduct Ru(bpz)j* is itself pho-toactiveand transforms to a product inactive for CO, reduction.The relatively limited turnover number(TN)of thesystem.TN~ 15. is thusattributedto the residual absorbance of Ru(bpz)j*'" the excitationregion (X 420-450 nm) that causes photo-<^<':mption of Ru(bpz)j-*. We anticipate that development ofR_L- ipz)j-+ derivatives where the2+/1+ oxidation states exhibitdistinct nonoveriapping absorption properties might increase the
stability of the system towardCOj reduction.
StlecnVky in k-Reducrioaand Kk-Ew>takm. Thetwo systemsdiscussed for CO; reductiondemonstrate that those systems that

include a relay yield a mixture of H, and hydrocarbonswhilethe

c
o

o
>

_
2 4 6 3

[bpz] (10"* M)

Figure 8. H^Evolution rate as a function of bipyrazineconcentration:[Rtt(bpy)j-*f 1.4 x irr* M. [MQ**] 1.0 X 10^ M. [NatEDTAj
3J X 10-* M, [NaHCOjJ= 5.0 x 10" M. [Ru colloid] = 20 mg/L, pH
6.0 under COj atmosphere.

10

Figured CH<-Evoiurion rate as a fractionofdhhiothreitolconcentra-
tioic [Ru(bpy),^I 1.4 X I(T* Vf, rMQ**] - IjO X HT* M.
[Na,EDTAl 3J x 10"* M. [NaHCOj] 5i)X MT* M. {Ra coUoid]20 mg/L. pH 6.0 under CO; atmosphere.

systemthat includes Rn(bpz)j**' speafcforCOjreduction only.
Thelaserflash studies (Figure5) reveal that Ru(bpz)3* exhibits
a kinetic barrier toward Hj evolution. We have speculated that
the coordination sites on the ligands ofRit(bpz)j^" aright interact
withthe heterogeneouscatalyst and consequentlydeactivate the
catalyst toward the Hy-evolution process. We thusexamined the
Hj-evohmonprocess under argon using Ru(bpy)j^as sensitizer,p

as chargerelay,Na,EDTAas electron donor, and the Ru
colloid as catalyst in the presence and absence of bipyrazine.
Figure 8 shows the quantum yieldfor B, evolution uponaddition
ofthe bipyrazine ligand. It is evident that Hi evolution is retarded
as the bipyrazine concentration increases,and at a concentration
of 1 X 10^ M. no H; evolution occurs. Thus weconclude that
Hjevolution is prohibited by the bipyrazine ligand. It should be
noted that no inhibitory effect in Hi evolution is observedwith
22'-bipyridine or 3,3'-bipyridine as additives. Under COj the
inhibition profile ofH^ evolution with added.bipyrazine issimilar
10 that observed under argon. Yet, also COj reduction is inhibited
to some extent by the addition of bipyrazine, and at [bipyrazine]

1 X 10~* M H,evolution totallyblocked while the quantum
yield of COj reductionto CH<decreasesto 30% of its value in
the absence of bipyrazine.

Smflarry, specificity toward H2evolution can be designed. CO?
reduction can be eliminatedin the two systems by the addition
ofthiols. In the presenceof these additives Hj evolution is not
affected. We naveexamined the photosensitizedreduction ofCOj
and H, evolutionin a systemcomposed of Ru(bpy)j-*as sensitizer,
MQ**as electron relay, NajEDTAas electron donor, and the Ru
coUoid as catalyst. Figure 9 shows the rates ofCO, reduction
toCHat differentconcentrations of added dithiothreitol (DTT).
It should be noted that the added thiois do not aihibit Hjevolution.
Furthermore, with DTTthe quantum yield for H^ reduction is
slightly increased. It is evident that theadded thiol inhibitsCOj
reductionand at 8 X 10"*M DTT CO, reduction to methane is
prohibitedwhile the H, evolution yield is unaffected.
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This deactivationof the Ru colloid by thiols toward COj re-

auctionis general, and cystcine or mercaptoethanolshow similar
inhibition effects. We thusconclude that tbiois prevent the re-

auction of CO2, and selective H^evolution can be accomplished.
Addedbipyrazineshowsinhibitoric effectstoward Hj evolution
as wellas CO2reductionalthough the deactivation is more pro-
nouncedtowardthe former process. We anticipate that other
ligands might show higher selectivity in the degreeof deactivation
of these reactions. Also, the possibilityto control the selective

CO;-reduction or H^-evolutionprocess suggests that on theRu
colloid exist distinct and different catalytic sites for the two re-

actions.

Conclusions
Wehavediscussedthe novel application ofRu and Oscolloids

as catalysts for the photosensitized CO2 reductionto CH*. The

fixation ofCO2to CR,in aqueous solutions is accompaniedby
the kineticallyfavored Hy-evolution process. Ourresults emphasize
that selectivity toward CO,reduction might be accomplished by
proper design ofa relay-catalyst configuration that exhibits ov-

erpotential properties toward Hievolution. Id this respectwe find
that bipyrazineacts as an inhibitor that eliminates H^evolution.

Similarly, thiols eliminateCO2reductionbutdonot affect evo-
lution of Hj. The multielectron fixation of CO2to CH that
involves eight electrons iscertainly astepwise process that involves
various intermediates. We emphasize that no other reduction

products ofCOj, i.e.formate, formaldehyde,or methanoL,could
be dctwrted inthe photosensitized transformation. We haveshown
that C2hydrocarbons (ethane and ethyiene) are alsoformed during
the photoreduction of CO*. The formation of these products
suggeststhat RuCH*{orOSCH2)andRuCHj act as in-
lei 11 tedtates alongthe photoreducnon ofCOj since ethyiene would
beformedbythe dimerization ofthe carbenespecks while ethane

is anticipated to originate fromdimerization ofthe metal-meuivl
intermediate. It shouldbenoted that similar intermediates have
been suggested*' in the methanation process of CO;.
Ourstudy has emphasized that photoreductionof CO- occurs

via electron transfer followed by protonationsteps rather .-.
by a hydrognation mechanism. The control experiments i^t
were applied to elucidate the mechanisticaspectsof the photo-
reduction of COj revealed that the photochemkally generated
reduced relays Ru(bpz)j*or the bipyridinium radicals mediate
the reduction of CO2 toCHin the presence ofRu or OscoUoifc.
Since bipyridiniumradicals can be produced by H2 and hetero-
geneous catalysts, we might envisage routes to develop novei

methanationreactions or electrocatalyzed methanation processes
that proceed at ambient temperaturesand atmospheric pressure
viaanelectron-transferpathway. Further attempts to charactcrnc
mechanisticaspects involved in the photoreduction of CO- 10

methane,development of other COj-reduction catalysts. *-. _\he
developmentofthe dark electron-transfer reductionprocesses of

COj are now under way in our laboratory.
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Abstract: The pfaotocbenustryofbieyclc^3JL0]hept-6-ene,Wcycl<(4i0oa-7-^andi^andJnm-3,4-<fi . .

has been investigatedin hydrocarbonsolutkwianw)chromaric&-altravwlet (185and 193 nm) light sources. All ofthese

simplecyclobutene derivatives undergoring opening yield the isomeric !><fienes.ami the latter three opBOaarreospecuicaiy
to yield mixtures ofthe possible geometricisomers. The isomeric 3.4-<limetliylcyciobutenesyield differentmixturesof die

three 2,4-hexadiene isomers. and in each case themttares areweighted in favoroftheorbital syinmetryforbidden isomert>)-

Attempts havebeenmade to analyze the relative isomericdiesyields from ringopening ofbicycia[4.2.0]oaene and the isomeric

3,4-dimethylcyclobutenes within thecontext of the pureiy disrotatory, adiabancring-opening mechanism that recent ab tnido

calculationssuggest should be possible. While the results for the former compound areconsistentwith tins mechanism,analysis

ofthe relativeyieldsofthe isomeric 2.4-hexadieaes from photolysisofthe latter two compoundsindicatesthat photochemical
ring opening by the formally forbidden, conrotatory pathway maycompete to some extent with disrotatory ring openinr

In spite of the central role thatthe thermal"and photochem-
ical*-*-* interconversions ofcyclobutene and 1,3-butadiene play

(1) Natural Science! and Engineering Research Council of Canada

UniversityResearch Fellow, 1983-1988.
(2) (a) Winter. R. E. K. 7>mAfrouir. 1965.1207. (b) Braonan. J.

U Golden. D. M. J. -4m. Ciem.5.1968. 90. 1920. (c) Srinivasaa. R. /.

zlm. Own. 5oe. 19. 9/. 7557. (d) Brauman. J. U Arde. W.C 7. A.

C*n. Soc. 197XiM, 426Z (e) Jasinski. J. Vt^ FrisolL J. ICMoore. C. B.

/. CA.?*va. 1983.79. 1312.

in ourunderstanding ofpericycuc reactions.* there are few rerorte.

examples that illustrate the photochemical etectrocyclic nnf

(3) (a) DooraBaa. G. A^Freednaa. H. H.J.Am. Cjton.Ä-

5310.6896. (b)Sctannate.K. M4 Foafcea. G.J. y. Am.C*-5*-'

7. 3996; 1966. . 1073. , , , 41-

(4> (a) Dauben. W.G^CargflLR. G^ Coatei. R. NL:SahieL J. Jf
^,

Cbm.5oc.1966.88.274X (b) Srinivasaa. R./. Am. Cfem.5of.'"*" j
4498. (c) Chapman. O. U; Pasto. D. J4 Borden.G. W.; Griswolc \

.

Am. CS.Soc. 1962. M, 1220. (d) Daeben. W. G.: CargHl- F.

Om.1962. 27, 1910.

0002-7863/87/1509-6086501.5O/0 1987 AmericanChemicalSociety



Podanden, Coronanden und Kryptanden
als neue Komplex-Ligandenfür Photoeiektronentransfer-Reaktionen
Synthese und erste photophysikalische Stadien

Podands. CoronandsandCryptands
as New Complex-Ligands in Photoelectron Transfer Reactions

Synthesis and Photophysicai Studies

Heinz Dürr*, Klaus Zengerle und Hans-Peter Trierweiler

Fachbereich 13.2. Organische Chemie. Universität des Saarlandes, D-6600 Saarbrücken
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Z. Naturforsch.43b. 361-367 (1988): eingegangenam 14. September/3.November 1987

Podands. Coronands. Cryptands.Photosensirizcr. Photoanarion
Podands. coronands and cryptands containing 2-2*-bipvridine-unitswere synthesized. These

compounds can be used as ligands in Ru(n)-polypyridmecomplexes.This new route principally
allows the preparation of cris-heterolepriccomplexes using the appropriate cryptands. Ru(II)-
polypyridines RuLj-* (e.. Ru(bpy)/") are interesting as sensirizers in photochemical water

cleavage.Comparedto Ru(bpy)j-",the photoanarionrate should be reduced in the Ru(cryp)^*
complex.

_Ru(II)-polypyTidin-KomplexespielenneSchtüs-

seirolle bei der Entwicklung der Gebiete Photo-

chemie, -pfaysik. -katalyse,-eiektrochemie, Cbemi-
lummeszenzund Elektronen-und Energtetransfer*
[1]. Um die Eigenschaftenvon Rul^-Komplexen
zielt zu optimieren,müssen 1) die Orbital-Natur
des niedrigsten Anregungszustandes. 2) dessen

Energie und 3) die Redoxeigenschaftenmöglichst
.maßgeschneidert'*sein. Darüber hinaus sind die

neuartigen Ligandenauch für die Wirt-Gast-Che-
mie- von Interesse. Als bisher bester Komplex hat
sich Ru(bpy)j-~ erwiesen [2]. Die trotzdem auch bei

Rutbpy^-""" mögliche Photoanaöon begrenzt die

Photostabiütät des Komplexes. EineVerkettungder
bpy-Untereinheitensollte die Photoanation weitge-
hendunterdrücken.

In dieser Arbeit beschreibenwir die Syntheseneu-
artiger, verketteter Pyridin- bzw. Bipyridin-Ligan-
den vom Typ derPodanden, Coronandenund Kryp-
tanden sowie erste photophysikalische Studien der

Uganden und des Ru(kryp)^*-Komplexes.

" Sonderdruckanforderungen an Prof. Dr. H. Dürr.
"

4. Mitteilung: Photochemisch induzierte Elektronen-
cransferreaktionen.3. Mitteilung: H. Dürr. G. Dorr.
KL Zengerte. E. Mayer. A. M. Braun und J. M. Cur-
chod. Nouv. J. Chim. 9, 717 (1985).

Verlagder Zeitschrift fürNaturforschung.D-7400 Tübingen
'N32-0776/88/030G-0361/S 01.00)

Zur Synthese der Podanden 14, Coronanden 13

und Kryptanden 12worden zunächst die Ausgangs-
komponenten. d.h. die Bausteine A 3 und B = 6
nach zum Teü bekannten Routen dargestellt (s.
Schema 1 undTab. I).

Baustein A = 3 wurde ausgehend von 6.6'-Di-

brotn-2.2'-bipyridin1 erhalten,das nach [4] zunächst
in das Dicyan-Derivat2 umgewandelt wurde. Kata-

lyrische Hydrierung ergab daraus Diamin. dessen

Tosylierung 3 lieferte. B (=6) konnte durch Kopp-
hing von 2-Brom-6-mediylpyridin[5] mittels der

Ni{TPP)<-Metode in S (90%) übergeführt und Mer-
aus nach I.e. [5] 6 dargestellt werden.Der Bipyrkfin-
kryptand12, der Coronand13 und Podand14 war-

Tab. I. Ausbeuten und Schmelzpunkte der aus 3 und 7
nach Schema2 erhaltenenKryptanden 12, Coronanden 13
und Podanden 14.

Verb.

3
7
9
10
11
9'
W
11
12
13
14

Ausb. (%>
dieseArbeit

61

64
68m*
83
57
98
94
52
10/65"
53/54

Lit.

98 [61
57[7.81
45 [61

94[6-8}

62[7.8I

Schmp.CC) Lit.
dieseArbeit

196
91-93

>260 >260
168 166-168
91-92

>260 >260
farW-l
farbl.01

>260 >260
58
130

[1
[7-81
(61

[6-81

{7.81
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Schema 1 Bauttstn A:

Br
" Br

1
Tos NH TosNH

3

BausteinB:
NBS/OBPO: 23%

CHjCI

Schema 2

-M N

I) NaOCHj
2J S/OMF

b: Reaktion mit 8
a: Reaktion mit 6

N-R n'-R
H H ^

3 ^ 7 ^

\^ !> N0OCH3 I 1 ) NaOCH^v T) NaOCH,
^v 2) 8 21 6 \ 21-8

3* i'
X

=N N=

R-N N-R R-^N N>R

CHj

N=< R x Tos

N-R

N=

1 ) cone. HjSOj
21 6. Na^CO]:
52%

a

r

1)

2)

s -

cone.

?8

10
1|cic.\ TJconc.

n

21-6 {%! ^^2) -8
X

1) cone.

2}+6

N
\>N N=</

12
3 3 43 r t'

14
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daraus gemäß der Tosyiamidmethode über fol-
Üe Route synthetisiert.

bromid 6 zum Coronanden 13 lieferte nur sehr unbe-

friedigende Ausbeuten (10%).

l_'m>etzung von 2-Chlormethylpyridin 8
mit 3. -" mit 9', """ mit 10'

Der besseren Übersichtlichkeitwegensind die Re-
der Tosylamide 3 bzw. 7 mit dem Bis-

6 durch ausgezogene Pfeile, die mit dem
^-Chlormeihylpyridin 8 durch gestricheltePfeile ge-
kennzeichnet. Aus gleichemGrund sind von den Po-
jamien nicht die günstigsten Konformationen ange-
eben.
Das cydische Bis-Tosylamid9 wurdedurch Lösen

des Dinatriumsalzes 3' in DMF (ca. 1 mmot 37
500 ml) und langsames Zutropfen des Dibromtds 6
erhalten.
Die Reaktion des Dinatriumsalzes von 3 mit

Monochlorid8 insiedendemDMFliefene dasTosyl-
amid 10. analog wurdeaus 7 das Tosyiamid 11 berge-
teilt.
Zur Detosylierung wurden die Tosylamide 911

mit Schwefelsäurebehandelt(2 h; 100 *C) [6|, wobei
in fast quantitativer Ausbeute der Coronand9', das
Bis-Amin 10' bzw. dasMono-Amin11' anfielen (wo-
hei in 9% 10' und 11' R=*H ist).
Zur Synthese von 1214 wurdenzwei Alternativ-

Routen (a) und (b) ausgewählt.

Die Reaktiondes Coronanden9 mit dem Dibro-
mid 6 in Acetonitril ergab bei Zusatz von Natrium-
carbonat (vgl. Lehn [7. 8J) den gewünschten Kryp-
tanden 12 (52%) [4J.
Auf die gleiche Weise war der Kryptand 12 erst-

mais aus 9 und 6 dargestelltworden[7. 8J. Der ent-

scheidende Vorteil des von uns beschrittenen Syn-
theseweges zum Coronanden9 besteht darin, daß
<ias Brückenkopfstickstoffatomim Kryptanden 12
bereits im Tosyiamid 3 (vgl. Schema 2) eingebaut
orden ist. Daraus ergibt sich die Möglichkeitder

von frir- bzw.

Dies ist nachdem Lehn'scfaen Verfahren[7,8} un-

"tglich. da dieses nur homoleptischeund bis-hete-
roleptische Liganden bzw. Komplexe darzustellen
rtaubt.
Die unter den gleichen Bedingungen vollzogene

Cyclisierungsreaktion des Podanden10' mit dem Di-

Analog durchgeführte Umsetrungen des Coronan-
den 9' mit 8 ergaben Coronand 13 in 65% und Po-
dand 14 in 54% Ausbeute.Während 13 und 14 als
reine -organische" Verbindungen isoliert wurden.
fällt der Kryptand 12 als NaBr-Komplexan [7-9].
Die neuen Synthesenvon 13 und 14 sowie des be-

kannten12 zeigen, daß mit Bis-Tosylamid 3 als zen-
tralem Synthesebaustein der Aufbauvon Bipyridin-
kryptanden. -coronanden und -podanden möglich
ist. Darstellung des cyclischenBis-Tosylamids (Co-
ronand 9), ausgehend vom 6.6'-Bis(chlonnethyi)-
ZJZ'-bipyridin und 3 [6], ergab ein sehr komplexes,
nicht trennbares Produktgemisch.
Von Vögtle wurdekürzlich ein verwandterKryp-

tand vorgestellt, bei dem drei Bipyridineinheiten
über B-flZDlringe verbrückt sind [10J.

Die NMR-Spektrender neuen Verbindungensind
in Tab. U zusammengestellt.

Tab. II. 'H-NMR-Daten von Pyrtdin- und Bipyridin-p-
danden. -coronanden und -kryptanden1214in CDQ>.

w

il*
12
13

14

Bipyridin- und ]

(HO
7.71
833
(737)
(735)
7.89
7.77
(7.03)
832
(7.64)-

(HO
740
7.74
(7.62)
(7.61)
7.82
7.74
(7.41)
7.78
(7-64)'

Pyridinteil

7,03
733
(7.14)
(7.13)
732
7.26
(6.89)
742
(7.12)

(8.41)
(844)

(827)

(841)

Tosylteä
-CH,-

4.08
(4.07)-
(4.06)'
(4.00)
3.84
3.93
(3.89)
3.98
(3.98)

2^
3.10

349

() Verschiebung der Pyridinprotonen und deren benach-
baner CH>-Gruppe;

* nicht eindeutig zuzuordnen.

Die Verknüpfung der 2.2'-Bipyridin-Einheitenin
6.6'-Stellung (Teilstrukturen von 1214) fährt zu

einer Fixierung der Bipyridine in -csoider*Kontor-
marion. Der daraus resultiereßd^Hochfeld-shrftder
3.3'-H im Vergleich zur transoiden Konformationist
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eindeutig. Auffallend ist auch die große Einfachheit
der Spektren, insbesondere beim Kryptanden 12, die
die hohe Symmetrie der Moleküle wiederspiegelt.
C/V- um/ Hit>rerzrzspfcmen

Ligamfen.- Die neuartigen Liganden 12 und14 zei-
gen sehr einfache UV-Spektren. In Tab. III sind
UV- und Fluoreszenzspektren einander gegenüber-
gestellt. Wie Tab. III zeigt, sind die UV-Spektren
mit denen des bpy vergleichbar und treten im glei-
chen Bereich auf.
Die -Werte sind dagegen im Kryptand 12 etwa

um den Faktor 3 größer als in bpy. Dies könnte auf
die starre Anordnungin 12 zurückzuführen sein. Die
Emission vonKryptand 12undbpyliegenbeiRaum-
temperatur(HjO)im gleichen Bereich. DieTieftem-.
peraturfhioreszenz bei 12 ist jedochbathocfarom, be-

zogen auf bpy, verschoben.

Äw-föwnpiere
Ru-* weist einen ähnlichen Ionenradius wie Na"

auf (1,13 vgl. mit 0,98 ). Aus diesem Grunde
sollte anstelle des Na~ in 12 Rtr* eingebaut werden
können. Analogsollten sich13und14vernähen.Die
Liganden 12 und 14 wurden daher nach der Stan-
dard-Methode [1, 2] mit Ru(DMSO)*Cl2 in HjO/
EtOH umgesetzt. Dabei entstanden in allen Fällen
rote Ru-Komplexe.Während nach 'H-NMR und
UV-Spektrenbei 13 und 14 höhermolekulareKorn-
plexe möglich sind,die noch nicht genau charakteri-
sienwerdenkonnten, wurde bei 12 ein Ru-Komplex
Ru(kryp^ isoliert, dessen UV-Spektrom gut mit
dem von Ru(bpy)jCI,übereinstimmt (s. Abb. 1).
Der neue Ru<cryp)^*-Komplex zeigt eine Lumi-

neszenz bei 77 K, die je nach Anregungswellenlänge
verschiedeneIntensitätaufweist.Die sehr schwache
Lumineszenzim Falle der Anregung bei 4%) nm
könnte auf MLCT-Obergänge zurückzuführen sein.
währenddie intensiven Lumineszenzbandenim Falle
der energiereichsten Anregung wahrscheinlich auf
innereLigandenübergängehindeuten(vgl. Tab. III):

250 370 480 590 700

Ru(cryp)-^2j-l(r* M in HjO
* *""*

Ru(bpy),--2J-10"* M in H;O
Abb. 1. UV/VS-Spefctramtes Ru(cryp)**aus der Uraxt
ztmg von 12 mit Rn(DMSO)Xl;.

bei Raumtemperatur konnte kerne Lumineszenz Nr-
obachtet werden. OfJenbar ist die Metall-LigantJ-
Bindung zu schwach, so daß die Lebensdauer do

angeregten Zustands zu gering wird. Andererseits
könntedasfreie Elektronenpaarals Donorfungierer
und eine intramolekulare Löschung bewirken. Neue
Komplexemit veränderter Geometrie könnten hier
eine Klärung ergeben.

Um die Eigenschaften der neuen Liganden hc

Elektronentransferreaktionen zu überprüfen. *'ui-

den bekannte oxidativund redutaiv arbeitende Sen-

sibilisatoren wie R^bpy^-" und Ru(bpz)j'~ einsn-

Ligand
bzw. Komplex

Krvptand 12
bpy [11. 12]
Ra{bpv),--
Rtt(crvp>^"

UV
ÄjnmJ
280
232:280 [llj
290:478

3.08
1.05:

1.61:

1-54

0.72

Fluoreszenz
RTH4D]
422
424: 327*
613

/.[nm]
77K{EtOH]
487
421:453*
580:627
421: 453
474*: 726*

Tab. HI. Photophysikaiische Studien an I-
und Ru(cryp)^*.

Anrezunsswellenlänsen[nm}' '
aiO: * 480.
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setzt. Als Quencher wurden die Liganden 12 und 14
verwandt. Wie die Ergebnisseeiner Stern-Volmer-
Studzeigten, erhält man in einem derartigen Fluo-
leszenz-Lösch-Experiment eine Parallele zur Ab-

"szisse. d.h. die Emission von Ru(bpy)3-"" und
Ru(bpz)3"~ wird mcAr gequencht.
Dies ist ein wichtiges Ergebnis, da das freie EIek-

tronenpaar in den verbrücktenLiganden 1214 als
Elektronendonatoren fungieren könnte und dies im
bimolekularenQuenchprozeßoffenbar nicht der Fall

Tist-

4 ExperimentellerTeil
5" Die Bestimmung der Schmelzpunkte erfolgte in
feinem Schmelzpunktapparat der Firma Büchi

20).

E, Säulenchromatographie: Kieselgel (MN-60.
^0,05-0.20 mm) tjO, neutral (0,02-0.50mm),
(Macherey,Nagel& Co.). AnalytischeDC: DC-Mi-
kroarten Polygram(Macherey, Nagel & Co.)- CHN-

^Analysen:Ultramikroschneü-Methode nach Walisch
[13] Elemental Analyser, Mod. 1106 Carlo Erba

-; Strumentatione.

| NMR:AM-400 (Bruker); ER: SpektrometerIR-33,
;iR-4230 (Beckman):UV/VIS: DU-8 Spektrometer
i.(Beckman), Uvikon 860 (Kontron); Fluoreszenz:
^Fluorescence Spectrophotometer F-3000 (Hitachi);
;MS: Massenspektrometer MAT-311 (Varian), Elek-
tronenenergie 70 eV.

-t Die chemischen Verschiebungen der 'H-NMR-
imd **C-NMR-Spektrenwurden stets in CDClj mit
TMS als innerem Standard gemessen und sind in d =
(ppm) angegeben.

(3)
S Zu einer Lösung von 0.68 g (16.94 mmol) Na-
triumhydroxid in 10 ml Wasser wurden unter Eis-
kfihlung 1.11 g (3.08 mmol) 6.6'-Bis(aminomethyl)-
2Jt'-bipyridinund 1.17 g (6.16 mmol) Tbsytchlorid
gelöst in 20 ml Ethergegeben. Die Reaktionslösung

12 h bei Raumtemperaturgerührt, der ausge-
weiße Niederschlagabfiltriert und mit 100 ml

Wasser nachgewaschen. Umkristallisation aus
- 150 ml absol. thanol ereab 0.98 s (61%) färb-
e Kristallevom Schmp. 196 "C. - IR (KBr):3270
N-H). 3080 (Ar-H).2940 (C-H). 1570. 1430.
3.1150.900.810.790.660cm"'. - '-'C-NMR:d

154.7/154.2 (C*. C*7C*. C-'). W3.4 (Tos-C). 137.7
(C. C). 136.7(Tos-C). 129.6 (Tos-C*). 127.2 (Tos-
C-). 122.0 (C\ C*'). 119.9 (C\ C". 47J (-CH),
21.5 (-CH5)ppm. - MS: mte = 522 (100%. M~).
367 (35%. M"-Tos). 210 (37%. M"-2 Tos). 156
(28%. bpy-). 92 (52%. QWO, 91
C7H7OSV

(100%

(522,6)
Ber. C 59.75
Gef. C 59.48

H 5.01
H 5.05

N 10.72.
N 10J9.

Ateriumsoü* (3') u/i<f (7') von

(3) (7)
(2,00 mmol) Tosylamid wurden mit der berechne-

ten Menge Natriummethanolat 5 h in 30 ml absol.
Ethanol zum Sieden erhitzt. Nachdem Einengen der
Lösung und Abkühlen auf0 Cwurdeabfiltriert und
mit Ether nachgewaschen.

(9)
250 mg (0.44 mmol) Dinatriumsalz 3' wurde in

250 mlheißemDMFgelöst und 150 mg (0.44 mmol)
6.6'-Bis(brommethyl)-2 J'-bipyridin6 in 50 mlDMF
zugetropft. Die Lösung wurde 24 h unter Rückfluß
erhitzt undanschließend abgekühlt. NachdemAbfQ-
trieren und Waschen mit 20 ml dest. Wasser und
20 mlEthanolwurden 200 mg (64%)weiße Kristalle
vom Schmp. >260 *C erhallen.Da sich das Produkt
in keinem Lösungsmittel löste, konnten keine spek-
troskopischen Daten ermittelt werden.

'-fr>yrätoi (18)
560mg (1.00 mmol) Dinatriumsalz 3' wurden in

30 nü heißem DMF gelöst und 250 mg (2.00 mmol)
2-Cblormethylpyridin 8 in 10 ml DMF zugetropft.
Die Lösung wurde 6 h unter Rückfluß erhitzt und
danach das Lösungsmittel i. Vak. abdestilliert. Um-
kristallisation aas Ethanol lieferte 530 mg (77%)
weiße Kristalle an 10 vom Schmp. 168 *C (Ut.
167-168 "C).
*C-NMR: (5 - 156.7 (C"). 155.2/154.9 (C*.C*7

C-.C"). 148.9 (C*"). 1432 (Tos-C). 137.0/1363
(C.CVC). 136.8 (Tos-C). 129.5 (Tos-C*). 1273
(Tos-C-). 122.6/1220/1223 (CC/CVC/*). 119.6
(C'.C-*").54.1/53.5(C/C). 21.4 (-CH?) ppm.

Ber. C 64.75 H 5.15 N 11.92.
Gef. C 64.53 H 535 N 11.85.



366 H. Dürr a/. Photoclcktroncntransfer-Reaktione:

in (11)
2.00 g (7.05 mmol)Natriumsalz 7' wurdenin 50 ml

DMF in der Hitze gelöst und 0.89 g (7.05 mmol)
2-Cblormethylpyridnin 20 ml DMFzugetropft.Das
Gemisch wurde 12 h bei 100 C gehalten und das
Lösungsmitteli. Vafc. entfernt,der Rückstand in Me-
thylenchlorid aufgenommenund abfiltriert. Entfer-
nen des Lösungsmittels i. Vak. und Umkristallisieren
aus Cyclohexan/Toluol (4:1) lieferte 2.06 g (83%
bez. auf Natriumsaiz) weiße Kristalle an 11 vom

Schmp. 91-92 C.
"C-NMR: = 156.1 (C), 148.7 (C). 143.1 (Tos-

C). 1363 (Tos-C). 136.1 (C). 129.3 (Tos-C).
127.1 (Tos-C'). 1223/122.0(C/C). 53.7 (-CH).
213 (-CHj) ppm.

N 11.89,
N 11.92.

Ber.
Gef.

C6438 H 5.42
C6432 H 5.50

rar Derosyfierzoig
Die Tosylamkie 911 wurden jeweils mit konz.

Schwefelsäure2 h auf 100 C erhitzt und nach Ab-
kühlen unter Eiskühlungmit dest. Wasserverdünnt.
Die erhaltene Lösung wurde unter Eiskühlungmit
100 ml Natronlaugeneutralisiert, mit Methylenchlo-
rid extrahiert, über Natriumsulfat getrocknet und
das Lösungsmittel i.Vak. entfernt.

(9')
Ansatz: 110 mg (0.15 mmol) 9,1 ml konz. Schwe-

feisäure.Ausbeute: 60 mg (97%) weißesPulver vom

Schmp. >260'C.
^C-NMR: 4 - 159.0(C.C),155.8 (C-.C^), 1363

(C*.C). 1223 (C*.C*'), 1193 (C*,C*'), 56.0
(-CH2-) ppm.

N2130,
N 21.01.

Ber. C 73.07 H 5.62
Gef. C 72,81 H 534

Ansatz: 400 mg (037mmoi) 10, 5 ml konz.
Schwefelsäure. Ausbeute: 220 mg (98%) schwach

gelbes öl an 10'.
^C-NMR: <3 = 1593 (C?). 158.6 (C.C), 155.4

(C-.C-'). 149.0 (C). 136.9 (C\C). 136.1 (C).
122.0/121.S/121.6 (C7C. C/Cf). 119.1 (C.C*').
543/54.4 (C/C) ppm.

{11')
Ansatz: 1.00 g (2.S3 mmol) 11. 5 ml konz. Schwe

feisäure. Ausbeute: 0.53 g (94%)schwach gelbes O
an 11'.
'^C-NMR:d = 15S.7 (C"). 148.6 (C). 136.0 (Ci

121.8/1213 (C-7C*). 53.9 (-CH,-)ppm.

i, 7<J9,#?. 4/, 42.45,

77,29.22(#/;,22.2
(12) |

Eine Suspensionaus 75 mg (0.19 mmol) Coronanei
9', 200 mg N'atriumcarbonar und 50 ml Acetonitnii;
wurde zumSiedenerhitzt und60 mg (0.18 mmol) Bi-^j
pyridin 6 in 50 ml Acetonitrö zugetropft. Nach 24 h|
unter Rückfluß wurde abfilmen und das Lösungs-
mittel i.Vak. entfernt. Säulenchromatographie an

AI2O3 mit CH^ayEtOH(98:2) Eefer 60 mg (52^|
farblose Kristalle (/^ 03) vom Schmp.>26O "C. |
"C-NMR: 4 = 158.6 (C.C*). 1553 (C-.C-). 138. li

(C*,C), 124.0 (C*.C), 120.0 (C'.C*). 59.fr
(CH;)ppm.

Ber. C 63.81 H 4.46 N 1634.
Gef. C 64.01 H 431 N 16.73.

(13)
Zu einer Suspensionvon 80 mg (0.20 mmol) Co-

ronand 9' und 500 mg Natriamcarbonat in 50 ml
Acetonitril wurden in der Siedehitze 55 mg
(0,42 mmol) 2-Chtormethylpyridin in 20 ml Aceto-
nitril zugetropft. Die Lösung wurde 24 h unter
Rückfluß erhitzt, abfilmen und das Lösungsmittel
i.Vak. entfernt. Säulenchromatoeraphiean Ai;O-.
mit CHjCWEtOH(95:5) lieferte 75 mg (65%)weifte
Kristalle an 13 vom Schmp. 58 C.
"C-NMR: (5 = 1583 (C.C*'). 157.7 (C"). 154."

(C-.C"). 149.8 (C*"). 138.4 (C.C). 136.7 (C).
1243 (C*.C*"). 123.9/122.4 (CVC^). 1203 <C\C)

61.1 (C).603 (C) ppm.

(14)
Zu einer siedeiufcn Suspension von 240 ms:

(0.61 mmol) Amin 10' und400 mg Natriurocarbonai
in 50 ml Acetomtril wurde langsam IfIf* r"r
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mmol) 2-Chlormethyl-pyridinin 50 ml Aceto-
zugetropft und 20 h unter Rückfluß erhitzt.
dem Abkühlen wurde filtriert und das Lö-

ningsmittel i. Vak. abdestülien. Säulenchromatogra-
pbie an AI2O3 mit CHQVEtOH (90:10) lieferten
190 mg (54%) weißeKristallean 14 (fy = 0J) vom
'Schmp. 130 C.
1 "C-NMR: d = 159.6 (C*"), 158.6 (C*,C*), 155.6
~<C%C*'), 148.9 (C*'), 137,1 (C,C*), 136,3 (C),

122.9/121,8 (C*'/C*'), 122,8 (C.C*'), 119.3
60,3/60.1 (C/C^) ppm.

Ber.
Gef.

C 74,71
C 74.54

H 5.92
H 6,05

N 19.36.
N 19.15.

Dem BMFT sei für die finanzielle Unterstützung
dieser Arbeitgedankt.
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Vol. 19. Elsevier. Amsterdam (1984):b)N. SunnundC. Creutz.PureAppl. Chem. 52, 2717
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A SENSITIZER-RELAYASSEMBLYWITH IMPROVED PROPERTIES
IN ELECTRON TRANSFER PROCESSES

Heinz Dürr and Urs Thiery

73.2 O/gan/se/je C/jem/e der i/n/vera/tär ctes Saartoncte* 0-6600Saa/rc*eaF.Ä.G.

P.P. infelta and A.M. Braun

//rsr/rirfcte C/j/m/e P/jys^qrua, EPF, fcu6/em, CW-
/?ece/ved Decemer75, 7SS8", accapredMa/r/7 Z 7589.

Swrizerfend.

Resume. De nouveaux complexeshomoleptrques et bis-htroteptiquesde type RuU** et RuLaL***"sont utiliss
dans des ractionspar transfertd'lectrons. Le compos Ru(Me2tepy)3** est un nouveausensibilisateur-relais qui
produit de l'hydrogneavecun fort rendement en absence d'un ractif de transfert lectronique.

Abstract. New homoleptjc and bis-heterotepticcomplexes ofthe type RuU*"* and RuUL'** are used in electron
transfer reactions. Ru(Me2tepy)3** is a new sensitizer-relay assembly being highly efficient for hydrogen production
in the absenceof an electron transfer reagent.

Ru-{II)-polypyridinecomplexesplay an important role as

sensitizein the reduction of protons to hydrogen in the
elementary process of the artificial photosynthesis'.
These ruthenium complexes, porphyrine derivatives and

semiconductors (TiOi, SrTiOj) inmicroheterogeneous systems
are the most important alternatives to photovoltaic solar
energy conversion to the production of solar fuels*.
The major goal in the synthesisofthese ruthenium com-

plexes for solar energy conversion is to prepare molecules
with tailormade properties.
Such ruthenium complexes should possess the following

properties :

1) absorption in the Tnarimiim of the solar spectrum.
2) a suitable lifetime ofthe excited state in the microsecond

range,
3) show the thermodynamicslly desired redox potentials

for electron transfer and,
4) diffusion controlled electron transfer quenching and

effective separation ofcage structureofphotoproducts.
The sensitizer-relay assembly in one molecule should effect

an especially efficient electron transfer as recent work of
Balzani shows'.

Ru(Me2tepy)3** 5 (see ffc. 1) is an example of such a

sensitizer-relay assembly.
It contains the structural propertiesof a ruthenium-(ID-

polypyridine complex with ferroine structure

II 9
( = N-C-C-N=) as well as the standard relay MV**
(methyl-viologen = paraquat). On the other side,tepy (4, 4',
2', 2", 4*, 4"*-tetrapyridine) 1 can be regarded as a phenylogous

bjpyrazine (see fg. 2). Ruthenium-(II)-tris-i2'-bipyrazine
showed a very high quantum yield of hydrogen evolutionas
was demonstrated previously'*.

Figure 1.Structure of Ru(Me2tepy)3** 5

In this paper we report on :

I) the synthetic strategy of new homoleptic and bis-
heterolepaerathemum-<II>polypyridine complexes,

2) the photophysical properties of these sensitizersand,
3) a sensitizer-relayassembly which allows hydrogen evolu-

don in a sacrificial system without additional electron transfer
reagent.

newjournal ofCHEMBTKY.vol. 13, N* 8-9-1989. 0398-983Ä/89/8-9 575 03/S 2-XV CNRS-Gaothier-Viltors
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For the preparation ofthe ruthenium complexes the followingsynthetic strategy was used :

DMSO

R11CI3.XH2O

+bpy +bpz

Ru(DMSO)*a,

I +1

Scheme I.

Ru(bpy)itepyQi3 Ru(bpz)tepyQi 4 Ru(Me2tepy}}(PF6)s 5

Preparation route for sensizers 2 - 5 ; bpy = 2^-bipyridine. bpz 2^-bipvrazine.

<D Ö

Figure 2. Tepy 1 as phenylogous2^-bJpyrazine.

In Table I the new homoleptic RuL/* and heteroleptic
RuI^L'**-complexes, selected parameters of the UV-VIS
spectra (MLCT-band) and luminescence spectra of 2-5 are

collected.
The most importantparameters of these new complexes

are the luminescence lifetimes, which are determined bytime

resolved LASER-spectroscopy and luminescence quantum
yields.

Table I. Photophysical propertiesof the Ru-sensitizersat pH 7.

Compound
MLCT[ami

[nm] [nm]

2
3
4

5

474<4.53)
468(4.18)
425(4.26)
487(4.20)

638
657
643
668

615
621
600
622sa

665
667sh
648
675

Solvent : HjO in UV/VIS and luminescence spectra (RT) ; ha-

nol/HO (99/1) (v/v) in luminescence spectra (77K).
* For recording the luminescence spectra(RT; 77K) the sensitize
have been excited at the lowest energeticabsorption band.

Thelifetime to measuredfor 5 is in themicrosecond range.
Theredox potentials for the excited states werecalculatedby
standard procedures*from groundstate potentials (obtained
bycyclic voltammetry) and ire given in Table II.

In presence of MV** the complexes 2 and 3 undergo
oxidative electron transfer processes'', (see Table II). The
excited states of compounds 4 and5 are reductively deactiva-
ted by sacrificial donors suchasEDTAorTEOA(triethanola-
mine).
The quantum yield of electron transfer processes (char-

ge-rday = MV**) are represented in Table II as well.
The study of these new complexes in the sacrificial system
RuLj'+/TEOA/2-TMV'+/Pt at pH 7 (see /%.3;
2-TMV** = 1,1', 2^-tttramethyl-4,4'-bipyridiiiiinn dicblo-

ride) indicates the improved properties of RufMeztepyfo'*
compared to the complexes shown in this paper as well as

compounds that have beencited in the literature "*.

The new sensitizer-relayassembly 5 shows in a sacrificial

system in the absence ofa relay (.. 2-TMV**) a significant
hydrogen evolution(f. 3b).
This is an advantage in comparison to resultsobtained with

Ru(bpy)3'* andrelated RuL}**complexes whichdonot lead
to hydrogenevolutionunder similar conditions.

A combination of 2-TMV** as electron transfer reagent
with a sensitizer-relay assembly 5 shows under standard
conditions (see ftg. 3a, 3b, 3c) the best quantum yield
measuredfor hydrogen production mediated by ruthenium-

complexes so far. Hydrogen production, ofthe sensitizer-relay
assembly in the asei^e ofan efecxmn rraar/er reo^<opens
the way to a very simple photochemical system for water

reductionand relatedprocesses. Furtherworkin this direction,
especially with regard to the optimization of the system and

the long term stabilityof5 is under way.
Financialhelp of theBMFTis acknowledged.

Table II. Luminescencelifetimes t. quenchingconstants k,, quantum yields of viologen radical generation <&mv.+ and redox potentials of2-5.

Lifetime Quenchingconstant
Compound

Quantumyield
<t>MV.+' [Vf

E*red*
[Vf

100
55
519
444

15
14
(red)
(red)

0.013
0.020
0.131
(0.010)

-0.60
-0.78
-0.63
-0.55

1.00
0.89

" E'o E*(*RuLj-*/RuL3'*) ;
* E'i EVRuLj^/RuLD:

' obtained by LASER-flash-expriments ;
' measured at pH 6.88 ;

0.1 M (3 - 5) : 0.033 2 ; Quencher: MV** : (red) for 4 and 5 : reductivedeactivaon ofthe excited sensttizer by a sacrificialdonor ;
*
argon

degassed aqaeous solution, phosphate bufferpH - 6.88 (MV**J 10"' M ; mv.+ was obtained by LASER-flash-cxperiments and can be

regarded as a separation from the cage of phoioproducts' ;
' measured vs. SCE in MeCN.

NEWJOURNAL OF CHEMISTRY. VOL. 13. N* 8-9-1989
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VH2W1

50 100 150

3a)

200 Emm) 50 100

3b)

150 200 Iran] 50 100 150

3c

200 [mml

Figure 3a, 3b,3c Hydrogenevolution in the sacrificial system containing3 (), 4 (O) or 5 ()as sensitizers and 2-TMV** as charge relay at
pH - 7.0 (a).

Hydrogen evolution using 5 as sensinzer-rday assembly miaow externalcharge relay at pH = 4,7()and pH = 7.0 (x) ; (b).
Hydrogen evolution using 4 (O) or 5 () as sensitizers and MV** as charge relay at pH 4.7 (c).

Irradiation by 450 W xenon lampcombined by a 418 nm cut-off filter, 20 mL aqueoussolution, catalyst Pt(polyvinyklcohol); 3. 4 and S as
sensitizers. The sacrificial donor at pH 7.0 was TEOA,at pH 4.7 EDTAwas used.

Electron transfer reactions. 5th papersee :

H. Dürr, K. Zengerle. H.P. Trierweiler, Z.
1988, 4tt, 361-365.
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HeinzDürr '

Artifizielle Photo-Synthese
-EinBeitragzumProblem derSonnenenergie-Konversion

Die Nutzung der regenerativen
Energiequellen Wind, Wasser und
Sonne hat sich in den letzten Jan-
ren zum Gegenstand intensiver
wissenschaftlicher Forschungent-
wickelt. Um Sonnenenergie im
großen Maßstab für die Zukunft
nutzbarzu machen, muß sie in ge-
eigneter Weise umgewandelt und
speicherbar gemacht werden.
Dazu gärt es LW. als Forschungs-
ansätzedas photobiologischeVer-
fahren, die Photovoltaik,dassolar-
thermische verfahren und die in
diesem Beitrag vorgestellte photo-
chemische Methodeoderartrfiziel-
le Photo-Synthese.

Photochemische Wasserspaitung
kann als "künstliche Photosynthese"
angesehen werden. Der WSrkungs-
grad der Photosynthsebeträgt ma-
xjmal 1 %. Die photochemische
Wasserspaltung erreicht heute
2.8 %, Wirkungsgrade von mehr als
10 % werden artgestrebt

Die letzten Jahre brachten drama-
tische Veränderungen für die Ener-
gieversargung der Industrienatio-
nen. Die Energiekrise der 70er Jahre
machte unsere Abhängigkeit vom
Energieträger Erdöl auf sehr drastj-
seheWeisedeutlich.

Inzwischen hat das Waidsterben
die Öffentlichkeitauch auf das Pro-
blem der Umweltbelastung durch
die Freisetzung von Luftschadstof-
fen wie Schwefel- und Stickoxide
sensibiiisiert.

Während die Emission von

NOund SO, der Kraftwerke durch
geeignete Pitermanahmen redu-
ziert werden kann, ist die Freiset-
zung von COj, die bei jeder Verbren-
nung fossiler Energieträger erfolgt,
nicht zu beeinflussen. Schon heute
ist ein Anstieg des COj-Gehaltes
der Atmosphäre feststellbar, der in

* Der Autor dankt Hares-R TriorweJer. Thomas
Ratsch, Armin Seuerten, Andreas GuWner und Hot-
gerKraus für ihre Mitarbeit

Zukunft zu nicht abschätzbarenKli-
maveränderungen führen kann (Treib-
hauseffekt).

Nach heutiger Kenntnis werden
die Erdölvonräte der Welt in wenigen
Jahrzehntenverbraucht sein, womit
nicht nur ein wichtigerEnergieträger,
sondern auch ein bedeutenderRoh-
Stofflieferant der chemischen Indu-
strie unwiederbringlich verloren sein
wird. Die Ereignisse der letzten Jan-
re (HarrJsburg, fechernobyf) zeigen,
daß Kernenergie auf Dauer keinen
Ersatz für fossile Energieträger dar-
stellen kann, zumal das Problem der
Behandlung radioaktiven Abfalls
(Wiederaufarbeitung, Transport, End-
lagerung) nichtzufriedenstellendge-
st ist und die Kosten zur Atom-
stromproduktion in keinem verhält-
nis zur Betriebsdauer eines Kraft-
werksstehen.

Wenn es gelänge, regenerative
Energiequellen - vor allem Sonnen-
nergie- in großem Maßstab (Son-
nenkraftwerke) nutzbar zu machen,
würdedie Menschheitüber eine un-
erschöpfiche und zudem umweit-
freundliche Energiequelle verfügen.
Schon die Belegung von 0.1 % der
Landfläche der Erde mit Solarzellen
würde den Weltenergiebedarf voll-
ständig decken. Den Energiebedarf
der Bundesrepublik Deutschland
könnte este Räche von 200 km x

225km in der Sahara liefern.

Unabdingbare Voraussetzung für
die Nutzung der Sonnenenergie ist
die Möglichkeit ihrer Speicherungin
energiereichen,transport-und tager-
fähigen Substanzen. Die Natur hat
eine solche Umwandlungsmoglich-
kert (Konversion) von Sonnenenergie
in energiereiche Substanzen mit der
Photosynthse geschaffen. Fossäe
Energieträger wie Kohle, Erdöl und
Erdgas sind durch Photosynthese
gebildete Speichersubstanzen der
Sonnenenergie.

Als erfolgversprechende Lösun-
gen des Speicherproblems bieten
sich heute vor allem die Zerlegung

von Wasser in die Elemente Wasser-
stoffund Sauerstoff

hv
H2O + LJchtenergte>H2 + 1/2 O2

sowie die Reduktion von CO^ zu

Kohienmonoxid, Methanol oder Me-
thanan.

hv
CO2>CO

Die Wasserzerlegung besitzt den
\fartea, den Energieträger Wasser-
stoff zu tiefem, der äußerst umweit-
freundlich und vielseitig einsetzbar
ist Bei der Verbrennungvon H^ent-
steht nur H.,0, das Problem der
Emission von CO,, SO, wäre gelöst
die NOxProduktionstarkreduziert.

Hjkann als BrennstofffürAutomo-
ble und Kraftwerke eingesetzt wer-

den, außerdem ist eine direkte
Stromerzeugung in Brennstoffzellen
möglich. Es gibt Vorschläge, Hj in
großen Mengen durch geeigneteMe-
thodert der Sonnenenergiekonversi-
on in den sonnenreichenLändern zu
produzieren und ihn dann (wie es

vergleichbar derzeit mit Erdöl prakti-
ziert wird) in die Industrieländer zu
transportieren.

Abbildung 1 gftrt einen sehematt-
sehen Überblick über die Nutzungs-
mögBchkeitendes mit Hflfe der pho-
tochemischen Methode erzeugten
Wasserstoffs.

Methodender
Sonnenenergienutzung

Die Energie der Sonne wird von

der Menschheit schon seit langem,
etwa zur Salzgewinnung, in Wind-
und Wasserkraftwerkengenutzt Ein
Beispiel für die direkte Sonnenener-
gjekortversfonwird uns von der Na-
tur n der Photosynthese demon-
striert. Dort wird mit Hilfe der Son-
nenstrahlen Wasser und Kohlendi-
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oxid in einem komplizierten Mecha-
nismus, für dessen teilweise Aufklä-
rung de- Nobelpreis 1989 an Huber,
Michel und Deisenhofer verliehen
wurde,in energiereiche Kohlenhydra-
te und Sauerstoff umgewandelt. So
entstanden über Jahrmillionen hin-
weg die heute genutzten fossilen
Energieträger.
Der maximale Wirkungsgrad der

Photosynthese liegt allerdings nur
bei ca. 1 % '. Technologischim gro-
Sen Maßstabwerdenheuteverschie-
dene Sonnenenergieumwandlungs-
verfahrenuntersucht:

SolarthermischeVerfahren:**

Es existieren mittlerweile weltweit
mehrere solarthermtsche Kraftwer-
ke, wie Eulios in Sizilien, SB3S l + II
in Kalifornien, die bei einem Wir-
kungsgrad von 10 % elektrischen
Strom liefern.

PhotovoltaischeVerfahrenr*

Dabei wird mit Solarzellen (Si-
Halbleiter) mit hohem Wirkungsgrad
(10-20 %) Bektrizität erzeugt Bne
speicherfähige Energieform ist erst
mit nachgeschalteter Wasseretektro-
Iyse (Wirkungsgrad60-80 %) zu er-
reichen, wodurch der Gesamtwir-
kungsgrad herabgesetzt wird. Photo-
voftaischeGroßanlagen,wie das So-
larkraftwerk Carriso Plains in Kalifor-
nten, liefern jährlich schon über 14
Mio.kWhelektrischeEnergie*.
Photoelektrochemische
Verfahrend

Hier werden bei Bestrahlung mit
Hilfe von PhotohalbJeitern (CdS,
MoSe^ in wässrigen Bektroiytiösun-
gen Strom oder chemischeEnergie-
spetcherprodukte, beispielsweise
Wasserstoff undSauerstoff,erzeugt

S0HKEHENERCIEHUT2WGIXHCT WASSERSPALTUHG

Suta

AbbSdans 1: cftematigchDarstellung(ter Erzeugung und Nutzung des mittets darf
Sotwenanergiekonvefion gebadeten Waaaeisluffa.
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PhotobiologischeVerfahren:

Neben der Anwendung von Algen-
kulturen zur Erzeugung von Biomas-
se wird die Gewinnung von Sauer-
Stoff und Wasserstoff durch Algen
oderphototropeBakterien in speziel-
len Nährlösungenuntersucht.

PhotochemischeVerfahren:'*

Hierzu gehören unimolekulare Um-
lagerungsreaktionen (z.B. Norcara-
dien in Quadricycian), Photodissozia-
tion von Molekülen (NOj -? NO +

I/2O2) sowie die photochemische
Wasserspaltungoder artifizielle Pho-
tosynthese, die Thema dieses Bei-
tragsist.

Schma1:Cycfc iWa spattung

Sns.-Ru(bpy)3^*tRuthenium-trisbipyridin)
R-MV**-(Mthyivtotogen);

Kath,-Pt(Ptatm);

Mechanismusder
Reduktionvon Wasser
und Kohlendioxid

Sowohl Wasser als auch Kohlendi-
oxid absorbieren kein sichtbares
Licht; eine direkte photochemische
Aktivierung von hL,O bzw. CO, ge-
lingt nur im Vakuum-UV.Umdie Son-
nenenergieauf die zu reduzierende
Spezies(Hp bzw. COj) zu übertra-
gen, ist ein komplexes System aus
Lichtfänger(Sensiböisator) und Bek-
tronenüberträger (Relais) sowie ein
oder mehrere Katalysatoren erforder-
lieh.

a) Wasserspaltung
Aufbauend auf den Arbeiten von

Sutin **<* wurde ein eyefisches Sy-
stem zur Wasserspaltung (artifizielle
Photosynthse) vorgeschlagen*
(Schema1):

Die Reproduzierbarkeit dieses Sy-
stems ist allerdings nicht in eindeu-
tiger Weise möglich, insbesondere
der Oj-Itefernde Schritt stellt hohe
Reinheits- und Selekävitätsanforde-
rungen an den dazu erforderlichen
RuOj-Katalysator. Unsere Arbeite-
gfuppe*Mtw2} konzentriert sich daher
auf die Entwicklungvon sogenann-
ten sacrifjzieflenSystemen zur Was-
serspaltung, d.h. der Trennung des
Gesamtprozesses in Wasserstoff-
bzw. Sauerstofferzeugung. Hierbei
wird der Oj-Iiefernde Schritt in die-
sem System simuliert (Ru** wird
durch einen "aufzuopfernden" Donor
(Ethylendiamtntetraessigsäure EDTA,
ThrietiTanolamin TEOA) odererneutzu
Ru2+regeneriert) (Schema2):
Neben diesem sogenannten pho-

tooxidativen Mechanismus (der an-

geregte Sensibiiisator wird im ersten
Schritt oxidiert) kann die sacrifizielle
Wasserstoffentwicklungauch photo-
reduktiv geführt werden.

b) Kohlendioxidreduktion

Der sehrintensiv untersuchte Sen-
sMsator Ru^pyjj^* eignet sich dar-
über hinaus auch zur sacrifiziellen

Reduktion von
(Schema 3):

Durch Variation des Katalysators
(Ersatz von Platin durch Ruthenium
oder Osmium) und Verwendung
eines stärker reduzierendwirkenden
Elektronenrelais (negativeres Potent-
ai) ist die Bildung von Methan und
Ethan realisiert worden. Diese als

Scfwna 2: SacriftnefiWassr3pattung(oxidatiws System)
(D> Ugandan sindttefbeaaarenüberaichtfichk

Schema 3:SauitoiaUeRadufcMonvon Kohlendioxid
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Brennstoffe einsetzbaren organi-
sehen Verbindungen (Methan ist
Hauptbestandteil von Erdgas) wer-
den auch als "Solar Fuels" (durch
Sonnenenergie erzeugte Brennstof-
fe) bezeichnet. En weiterer, sehr ef-
fektiver Sensibiiisator auf Naturstoff-
basis ist das Deazariboflavin, weJ-
ches als Vitamin B^-Derivataufzufas-
sen ist.

Dieses Systementhält darüber hin-
aus Oxalsäure als sacrifizieüen Do-
nor sowie das bereits bei der Was-
serreduktion vorgestellte Elektronen-
refais MV*+. Als Katalysator fungiert
hier Palladium, stabilisiert durch ß-
Cyclodextrin; als Reduktionsprodukt
des Kohlendioxids wird das Salz der
Ameisensäure Natriumformiat- er-
halten.

Schema*
SaCTifia<rfJeKohtentfioxidnK)uktionmitDeazariboflavJn-DRataSwaSsator.

Besonders vorteilhaft wirkt sich in
diesemSystem aus, daß das Oxtdati-
onsproduktdes Donors - Kohlendi-
oxid - als Oxidationsmittel des
MV*- wirkt Die einzelnen Parameter
dieser Gesamtsysteme (Sensibilisa-

tor im photoenemtschen Zyklus;
Elektronenrelais und Katalysatorim
thermischen Zyklus) können ge-
trennt optimiert und so zu einer mög-
liehst effektiven Einheit kombiniert
werden.

EigeneArbeitenundForschungsergebnisse**"***
Da, wie schon erwähnt, die Einzel-

komponenten eines photochemi-
sehen Systems getrennt untersucht
werden können, sind in unserer Ar-
beitsgruppe insbesondereSensibili-
satoren, Katalysatoren und Bektro-
nenrelais(Quencher)Gegenstand in-
tenstvster Forschung,. Als geeignete
Modelle werden die schon erwähn-
ten saerifizielten Systeme bearbei-
tet

Bn Schwerpunkt liegt auf der Un-
tersuchung der Sensibilisatoren. Sie
werden auf ihre Eignung nach den
Kriterien des reverstoten Bedoxver-
haltens, der geeigneten Potentkate,
der photochemischen und ttiermi-
sehen Stabilität, der Absorptionsei-
gertschaften und der Lebensdauer
des angeregten Zustandes unter-
sucht.

Schema 5 zeigt die Wasserstoff-
Produktion einer Auswahl von Sensi-
bifeatoren,dte von uns zum Tiferst-
mais synthetisiert und studiert wor-
den sind.

Schwna&W

(bpx-Bipyrxan) (2bpm-Opyrimidln|

Lebensmj ttelInfoFachinformationenfür Hygiene
und Verbraucherschutz

Ernährung

Gesundheit
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Wie Schema5 zeigt, wurdeinsbe-
sondere in (6) ein besonders wirksa-
mer Sensibilisator zur Wasserstoffer-
zeugung gefunden.

Bne von dem Ru-Komplexen ab-
weichende Spezies stellt die Klasse
der Zinnporphyrine dar. Sie ist struk-
turefl mit den in der Natur vorkom-
menden Sensibilisatoren, den Chlo-
rophytlen, verwandt. Es konnte fest-
gestellt werden, daß es sich zwar
um photoredoxakttve Substanzen
handelt, die aber kein zyklisches Sy-
stem ergeben, da bei der Photore-
duktion dieser Substanzen Hydrie-
rungsproduktedereingesetztenSen-
sibilisatorengebildetwerden.

Ein allgemeines Problem aller Sen-
sibilisatoren stellt die photochemi-
sehe Zerstörung durch Abspaltung
eines Liganden dar (Photoanation).
So ist z.B. Ru(bpz)3CL,zu Beginn der
Bestrahlung ein sehraktiver Hj-Pro-duzent, vermindert dann aber nach
ca. 3 Stunden die Produktion aus
oben genanntemGrund. Unsere Ar-
beitsgruppe beschäftigt sich inten-
siv mit der Suche nach der mögfi-
chen Unterdrückungsolcher Photo-
anationen.En verbrücktes üganden-
system sollte keine Photoanation
mehr zeigen. Diese Überlegungführt
zur Verbindungsklasseder Podan-
den, Coronanden und Kryptanden,
die Moleküle mit komplexerStruktur
darstellen. Abbildung 2 zeigt die
Struktur des Kryptanden.

Insbesondere solche Kryptanden
sollten wegen ihrer allseitigen Ftxie-
rung keine Photoanation mehr zei-
gen.Bei diesemVerbindungstypwer-
den die üganden mit Ferroinstruktur

Il
L

Vh
t 1

0,5

0.0

7

0,1

1

1.12

3,77

2 4

Schema & Änderung der Wassai StoffProduktion von Sensibiiisatoren durch schrittweiseVariation im
MotelcüL

Abbildung 2:

hnKrytaiKimoiekasind die Bipyridinemheitenka-
figartig miteinander verbunden; n Verlust einer
Untereinheitist nichtmehrmöglich (Methode zur

L^gzeitstabiUsierungvonSensibtHsatoren).

überzwei(CJ-L^-N Enheiten mitein-
ander verbunden. Parallel zu J. M.
Lehn (Nobelpreisträger in Chemie
1987) wurde von uns eine Route zur
Synthese solcher Verbindungen ent-
wickelt Sie weistgegenüberderMe-
thode von Lehn zahlreiche Vorteile
auf. Ihr größterVorzug besteht dar-
in, eine Kombination verschiedener
Liganden vorzunehmen, um somit
die Egenschaften des Komplexes
zu optimieren"). Dazu ist es notwen-
dig, die Skala der zur Verfügung ste-
henden üganden zu erweitem, um
Änderungen und Einflösse eines ü-
ganden auf die Komplexcharakteri-
stik zu untersuchen.Es wird deshalb
zur Zeit eine Gruppe von üganden
synthetisiert, die sich nur durch ihr
Substitutionsmustervoneinander un-

terscheiden. Durch ihren Einbau in
herkömmlicheKomplexe kann abge-
schätztwerden,ob sie die geforder-
ten Egenschaftenin den Verbindun-
gen besitzen. Da die Syntheseeines
Kryptandensehr aufwendigist, wer-
den erst bei Erfüllung der Anforde-
rungen neue ügandenin eine Kryp-
tandenstruktur eingebaut werden.
Wie die Komplexeigenschaften
durch Austausch nur eines ügan-
den beeinflußt werden, zeigt Sehe-
ma 6.

Wie Schema 6 zu entnehmen ist,
wird die Wasserstoff-Produktionent-
scheidend durch die Änderung nur

eines üganden beeinflußt Die Volu-
menangabendes entwickelten Was-
serstoffs beziehen sich auf eine
PhQtotysezelte von 20 ml Fassungs-
vermögen. Die dabei in unserer Ar-
beitsgruppe entwickelte Photolyse-
zelte * ist in Abbildung 3 schema-
tisch dargestellt.

Diese Apparatur wurde im Rah-
men der MesseEnergieund Umwelt
87 in Saarbrückeneiner breiteren öf-
fentiiehkeit vorgestefit Durch diese
Präsentationwurden auch die Medi-
en (WDR) angeregt den gesamten
Themenkomplex am 13.12.1987 im
Rahmen der Sendung "Globus -
die Welt von der wir leben" einer
bundesweiten Öffentlichkeit vorzu-
stellen.

EJektronenreiais
Die von einem Sensibilisator ab-

sortierte Strahlungsenergie kann
nicht direkt auf Protonen übertragen
werden. Bektronenrelais(Quencher)
übernehmen die Aufgabe dieses
Energietransfers. Eektronenretais
sollen sowohl thermisch als auch
photoenemischstabil sein und rever-
sibel ein Elektron austauschenkön-
nen. Auchdürfenkeine Zersetzungs-
reaktionen in Konkurrenz zur Bektro-
nenübertragung auftreten.

Basierend auf der Stammverbin-
dung DimethylvtQlogenwurden in un-
serer Arbeitsgruppe mehrere Vioto-
gene synthetisiertund auf ihre Sg-
nung zum Energietransfer unter-
sucht Die vorangegangene Abbö-
dung zeigt die Wasserstoffprodukti-
on in Abhängigkeitdes verwendeten
Bektronenrelaisbei sonst unverän-
dertenVersuchsbedingungen.
Der unterscrtiedBche Methytie-

rungsgrad bewirkt eine Änderung
der Redoxpotentiaie.Als beste Re-
lais erwiesen sich dabei (8) und (9),
(f8) - MV**; {9H2-TMV**TtranTethyl-
viotogen). Bne wichtige Erkenntnis
erhielt man durch Untersuchungver-
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PHOTOCHEMISCHE WASSERSPALTUNG

a)
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AbbUdung 3: schematisch Darstedung der Photoiysappj Apparatur wurden0.9. Werts derWasswstoffproduktionernnttelL

schiedener Relais bei Variation des
pH-Wertes.& ^gtesich, daßunter-
schiedfiche Öberträger bei Variation
des pH-Wertes verschiedeneEffekö-
vttäten bezögßch der Wasserstofftat>-
duktion aufweisen. & gibt also kein
unter jeder Bedingung ideales Re-
lais, sondern es muß den Erforder-
nissen des Systemsangepaßt wer-
den.

Katalysatoren
Katalysatoren haben die Aufgabe,

die Bektronenübertragungvom redu-

zierten Relais zum Wasserstoffion
H*zu ermögfichen.Aufgrund der ver-
wendeten Katalysatorenkönnen prin-
zipiell zweiSysteme, ein quasihomo-
genesund ein mikroheterogenes,un-
terschieden werden, im quasihomo-
genen System liegt der Katalysator
ate Übergangsmetallsoi (Ru, Pt, Os),
im mikroheterogenen System auf
einem Träger (oft ein Halbleiter, wie
Z-B-TlOJvor.

In unserem Arbeitskreis wurden
bisherverschiedene Metallsole (Ru-,
Os-, Pt-, Pd-SoO, die auf unter-

Wintergarten-Systeme
Wintergärten aus Hölzern
nachWahlmit Isolier-
undAcryi^as
RufenSie unsan.
Wir beraten Sie gerne.

ihr Platz an der Sonne
Neu im Programm: MöbelausPlexiglas

Markisen

Norbert Müller Primsweüerstr.40-6612 Schmftfz-Hüttersdorf
Telefon: (068 87)3676

schiedlichste Weise hergestellt und
stabilisiert werden, auf ihre Tauglich-
kett zur photochemischenWasserre-
duktion getestet Bei den untersuch-
ten Katalysatoren auf Trägem (mikro-
heterogenes System^wurden die re-
produzierbareHerstellungund Cha-
rakten^erung des Trägers (TiOj) so-
w dessen reproduzierbare Be-
Schichtung mit Platin in den Vbrder-
grund gestellt. Oie Ergebnisse der
bisher erfolgten Untersuchungenan
TTOj-Pt-Katalysatoren zeigen, daß
die benötigte KataJysatormenge ge-
genüberden Soien bei gleicherEffizi-
enz drastisch reduziert wurde, die
Reproduzierbarkeit der Darstellung
gewährleistet und damit die industri-
eile Herstellung möglich und ein Re-
cycling des Katalysators gegeben
ist

Ausblick

Es bleibt im Bereich der artifiziel-
len Photo-Synthese mit Ru-SensJbifi-
saloren das Ziel, verbrückte Syste-
me nach Art der Kryptaridenzu syn-
thetisieren. Es muß sich dabei um

Verbindungen handebi,die über opti-
mateLiganden bzw. Liganctenkombi-
nationen verfügen. Wir sind zuver-
sichtlich, daß es in naherZukunft ge-
Jingt, die sacrifiziellen TeB-Systeme
der Wasserstoff-und Sauerstoffpro-
duktion zu effizienten voH-cycii-
sehen Systemen zur gleichzeitigen
Wasserstoff- und Sauerstofferzeu-
gungzukombinieren.
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Parallel dazu wird die Forschung
zur Produktion energiereicher Roh-
oder Brennstoffe, also den "Solar Fü-
eis" forciert werden, da diese Syste-
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/# Saan&rtfc/rei?

r ,,5up/-amo/e/cu/are/J CAem/Jrem" d/e

lr //i 5aarörüc>cen zu e/nem /nrernao'o-
iesetzrei? IVo/ftsAop tra/iT, geAt es

w/e den /Wo/eJo/Zar/o/ogen: /Are
s/nd50 Arourp/ex. daß erne 0--

^eg mt der /c/asssciren cAenwscAen
/tunre/spracAe, d/e >4to/77 for dtwn reg*-
jtnert 2a opttscAem CAaasfi/Aren muß.
l/fter dew Zwang ar e/ner neuenS/mAo-
a - ä/s /eerf Aar /erfer, ungerf/t in
/t/P^C-3/>eift/ven, seme eigetre - tröstet

joie rü//e neuer Peispeürtrven ttnd po-

L'nier dem Titel _Supramolecular Organic
ClKmistry and Pfuitodiemistry" wurde vom

17. August bis 1. September 1389 an der

Universität des Saarianries ein intemaoona-
1er Workshop veranstaltet, der zeitweilig
mehr als 300 Zuhörer anlockte. Die uner-

artet hohe Zahl von über 220 Voranmel-
Jansen aus 22 Ländern zeigt das zunehmen-
Je Gc-A kht dieses relativ neuen Forschungs-
iebicts. dessen interdisziplinären Charakter
mehrere Redner hervorhoben. Aus den

iiauptvomägsa. weiche durch kürzere Dar-

Ölungen und durch sehr instruktive und
vielfältige Poster ergänzt wurden, seien hier
mir einige Glanzlichterherausgegriffen, die

Spannweite und Anwendungsmöglichkeiten
Jes Gebiets illustrieren.

ta einem umfassendenOberblick zeigte J.-
M. Lehn, wie iono-. cfaemo-oder photoakti-
% molekulare Komponenten zur Informa-
oons- und Signalverarbeitungbenutzt wer-

den können, so zur bereits anwendungsrei-
fcn Markierung von Antikörpern in der me-
ifemKchen Diagnostik durch lumineszenz-
crMarkende Metailkomplexe. Für den Io-

"wntnsportdurch Membranenworden ia
Strasburg Systeme wie f/) mit Kronen-

t f

I I
MeCN

Roumtmp.

24h

CAem/e

tn

021

.
ethem ate Basisring aufgebauL H. Ringsdorf
stellte u. a. ein anderes Konzept (2J vor.

dezn d^ photochesusebe Vernetzung von

znntsäuresubstiiuierten Azakronen zugrun-
deliegt.
Fraser Stoddart lieferte eindrucksvolle Bei-
spiele zur Synthese polymolekularerMakro-
cyden durch Templateäekte organscher
Edukte. wodurch Catenane fia). Rotaxane

(56) wie auch ^bacus'-Stnikturen mit ver-

schiebbarenRingen (Je) zugänglichwerden.
Solche Verbindungen erlauben ebenso wie
die von A. Collet vorgestellten Einschluß-
komplexe f4/ das Studium der dominieren-
den nichtkovalenten Wechselwirkungen.
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Si/pramo/e/fu/are Cftem/e Nachr. Chcm. Tech. Lab.i7(19tWi Il
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(7t

trag von R. Ungarosowauf mehreren Po-

stern gezeigt wurde. A.W. Gntnrik demon-

strtcitc* wie nuit Anthryipolysntincii f5)

durch Chelatbfldungmit dem Benzviamin-
Stickstoff sowohl Kationen wie auch DNA,

fiepsmt etc

analvsiertwerdenkönnen.-

Katalyse, z. B. von Benzoinkondensatio^
und Redoxreaktionen, zu schaffen - ^

wichtiger Schritt zu biomimeaschen $^_
diesen.
Methodischen Aspekten der supramokk^.
ren Chemie galt der Vortrag von G.

aber computergestützte Modefiienin; ^
Molekülen einschließlich ihrer D>njtaii_
Ebenfalte methodischen Fragen galt b
ebenso neues wie erfolgreiches Experiment
eine Panelpräsentation, bei der von sechs
Fachleuten kurz Anwendungen und Em-

wiekiungstendenzen wichtiger Techmtca
vorgestelltwurden.
Ober höhermolelculare Aggregate berichtete
neben Lehn und Ringsdorfauch J. Fuhrhop
dem die spontane Bildung makroskor>r>chcr
chiralerSupersmikturen wie (9.) au-, vhiralcn

Monomeren gelang. Y. Hui stellte die heH-
calen Strukturenvon Amviosen vor. aekbe

in Coma seit langem für therapeutische
Zweckeeingesetzt werden. Interessante Per-

speknven u. a. zur Krebschemotherap

tS,M,uo,

Die optimalen Abstände scheinen is Lösung
kleiner als die entsprechenden Van-der-

Waab-Kontakte zusein.

In den von C. Wilcoxvorgestellten halboffe-

nen .xleft**-Verbindungen(5J fuhren Was-

serstoSbrücken zu hohen Bindungskonstan-
ten (bis 45 000) mit Adenin-, Biotin- oder

Barbitursäure-Derivaten, während D. N.

Reinhoudtin ditoptschen Rezeptormolekü-
len (<y durch Co-Komplexierungnot einge-
bauten Metallen eine starke und vielleicht

medizinischinteressante Bindung, z; B. von

Harnstoff,erzielt.

(fl)

Enzymanaloga standen imVordergrund der

Vorträge von F. Toda und vor aHeinvonF.

Diederich, der Thiazole, Flavine und For-

phyrine abCoenzym-Vertreterin Cydopha-

-

- -1/0}

deutete F. M Menger an: Bei Anwendunt

entsprechend^verpackier- ^^nnakak-
te ein spezifisches Enzym der Tumoraelkn

die Vesücd (2Ö> selektivffiien und em Cy-

tostarikum freisetzen - eine in der anschlic-

Senden Dsktts^Mihe6% umstrittene Vor-

ne einbaut, amdamit die Voraussetzungzur Stellung.

(R.-H o<Jr-C0OH)

Metalle, auch Na* oder K*, werden unter

konformativer Steuerung durch Substituen-

ten R mit kronenetherüberbrückten CaEx-

arenen (7) selektiv komplexiert.wie im Vor-

'

/V\/V\
'
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Der zweite Teil des Workshops, der sich mit

supramolekularer Photochemie beschäftigte,
war im wesentlichen den Themen Energie-
transfer. Elektronentransferund Konfigura-
tionsänderungen" gewidmet.
Von V. Balzani wurden die grundlegenden
Phänomene supramolekularer Photochemie
und besonders die Beziehung zwischen Che-
mie. Physik und Biologie an den Beispielen
kovalent oder durch Wirt-Gast-Wechselwir-
kungen verknüpfterSysteme vorgestellt. Be-
sonders beeindruckten dabei die neuartigen
hochstabilen Ru-Cryptanden (7/,) sowie die
auf der Basis geeigneterPodanden (72) syn-
thetisierten Ru-Os-Metallkomplexeund de-
ren Chemie in angeregten Zuständen. Ein

wichtiger Punkt war die Anwendung ent-

sprechender Systeme als ^Photochemical
Molecular Devices (PMD)**.

(Hl

Von I. Willner wurde in hervorragender
Weise das zentrale Problem des photoindu-
zierten Ladungstransfers bei der artiftzieüen
Photosynthese behandelt. Eine effiziente

Ladungstrennung im Zn-Porphyrin/Väolo-
gen-System wird durch Cyclodextrin im ho-

mogenen sowie im heterogenen System ver-

mittelt. Willner beschriebden Aufbau eines

supramolekularen Systems, das letztlich die
Funktion des photosynthetischenApparates
der Pflanzen imitiert.
Von A. M. Braun wurde der Effekt micel-
larer Systeme auf die Ladungstrennung bei

photoinduzierten Elektronentransfer-Reak-
tionen beleuchtet sowie die Photochemie
SiO;-fixierter Sensibiüsatorenund Katalysa-
toren vorgestellt. Femer ging es um die in-
teressante Frage nach der Rolle des Singu-
lett-Sauerstoffs bei der Phototoxizitat von

Pharmaka und um Modellstudien zur Photo-

dynamischen Therapie.
Mit dem Schlagwon Molecular Engineer-
ing" können neueste Ergebnisse zur Photo-
chemie mono- und biomolekularer Schich-
ten gekennzeichnet werden, über die D.
Möbius am Beispiel des Energie- und Elek-
tronentransfers in Cyanin/Viologen-Syste-.
men (73a/fc) berichtete. Die komplexen in

\=/ \=/

der Natur realisierten Elektronen- und

Energietransfer-Prozesse, die Basis allen

pflanzlichen Lebens, wurden von K. Schaff-
ner am Beispiel des Phycobilisoms und der

Phytochrome(i<) erläuten. Die komplexen
lichtsammelnden und - z. B. Pflanzenwuchs
und -entwicklung- lichtinduziert-seuernden
Systeme in Algen und grünen Pflanzen und
die Aufklärung der Einzelreaktionen und
-mechanismen mußten auch bei dieser Ta-
gung den Zuhörer in Staunen versetzen.

Von F. de Schryver wurden die neuartigen
Eigenschaften supramolekularer, angeregter
Zustände am Betspiel kationischer Miceilen,
funktionaiisierter Pyrene auf Ton sowie an

dem Enzym Chymotrypsin behandelt. H.
Bouas-Laurent stellte neue kation-komple-

(75](n=2.3)

(/S)[2Rb*l

xierende makroeyclische Fluorophorc un:

ihren photochemischen und physikalischen
Eigenschaften vor. Ein Beispiel ist Verhin-

dung (75,) mit Ag"*" als komplexiencmKai-
ion. Der makroeyclischeKryptand ^6;. da
sogenannte Tonnelet" (Fäßchen),
kornplexiert mit zwei Rb*-Ionen.
Excimerenfluoreszenz.
Den krönenden Abschluß und zukunfts*-
senden Ausklang des Workshops brachte
schließlich der Vonrag von U. Wild. Sem

neuartiges holographisches Aufzeichnung-
system, basierend auf dem Lochhrennpn-
zeß von Chlorin in Polyvinylbuiyral ^"'

kryogenen Temperaturen, stellt im Pnn/ir

extrem hohe Speicherkapazität zur Vertu-

gung. Eine Diskette von 10 cm Durchm*'
könnte 10 Stunden Femsehen oder 100 J.'h-

re Musikproduktion speichern - eine ?*'" '

tastische Vorstellung, deren Realisierung tv

Raumtemperatur heiß diskutiert wurde.

Wie viele Teilnehmer bestätigten. :J'^'

erste Versuch, supramolekularcCh.'n-.i- "

Photochemie einander näher zu hn '"

ßerst stimulierend. Viele neue

zwischen den Wissenschaftlern wurden

gebaut. Für Interessenten, die sich vor a

auch für den Inhalt der hochaktuellen P>>

interessieren,sei das noch verfügbare .-

of Abstraas- des Workshopsempf"^""-
'"''-" '"'

?rso
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APPLICATIONOF Ru-(H)-POLYPYRIDINESENSITIZERS IN THE REDUCTION
OF CO2TO CH4AND H2-EVOLUTION USING Ru-COLLOIDS

H. Dürr and H.-P. Trierweiler

/=ac/7c/7fung 7 7.2 O/ga/wsefte CAem/e, t/n/Vrs/"fäfrfes SsaWa/jdes, 0-5500 Säartvüefce/?,.F.fl.G.

I. Willnerand R. Maidan

Department 0/O/gamc C/>em*stry, 77 tfeoraw {//wversfK0/Jerus3/em, Jen/sa/emS7SO4,

flece/veo' ^agusf 2S, accepted Oecen^>er5, 7S89.

ABSTRACT. The favourablephotophysicalproperties of Ru(phen)3** comparedto Ru(bpy)3** allowto realize an
improved photochemical system for carbon dioxide reduction and hydrogen evolution.

The photosensitized reduction of carbon dioxide is of
substantialinterest as a means of mimickingnatural photo-
synthesisas weilas generation ofcarbonfuel products '. Two
different approachesto reduce CO2 byphotochemical means

havebeenextensivelydevelopedin recent years: (teeapproach
involves the applicationofsemiconductor electrodes, powders
or colloids as photocatalysts for the processesmentioned**.
These systems are usually inefficient and yield a mixture of
reduced photoproducts. The immobilizationofPdmetal onto
TO2 powders results however in the selective photoreduction
ofCO2/HCO7 to formate*. A second approachinvolves the
applicationofhomogeneousphotosensitizers such as Ru(II>-
o-w-bipyridine, Ru(bpy)3**, and tailored homogeneous**,
heterogeneous ' specific catalysts, or enzymes "*'* for CO2-
reduction. Photoreduction of CO2 to formate has been
accomplished in assemblies that include Ru(bpy)j* *

asphoto-
sensitizer and Ru(bpy)2L2 as catalysts *. Photoreduction of
CO2 to carbon monoxide has been accomplished using
Co(ir), CX>-{H)-bipvridine complexes or Re(I)bpy(CO)3Xas
homogeneouscatalysts. Heterogeneous Pd and Ru-colloids
havebeen applied as catalysts for the selectivephotosensitized
reduction of CO2 to formate * and methane * respectively.
Biocatalysts have been coupled to photosensitizedelectron
transfer reactionsto effect direct fixation ofCO2 to formate "

or alternatively to insertCO2 into CHbonds(carboxyiation
processes) '*.
The photoinducedreductionofCO2to methane in aqueous

media [equation (1)1 is of specific interest. It involves a

multi-electronreduction ofCO2, andthus a catalyst that acts
as anelectron-sink, andconcomitantly is capable ofactivating
CO2 towards the process desired. Metal colloids act as

electron-sinksandweresuccessfully appliedin the photosensi-
tized H2- evolution " '*,
CO2 + 8H+ + 8c" - CH* + 2H2O (1)

hydrognationof unsaturacedsubstrates " and reductionof
COz/HCOj.
2H* + 2e" - H2 (2)

Interestingly, Ru-colloids were found as proper catalysts
for the specific activation of CO2 towards photoreductionto
methane '. Nevertheless, this metal colloid simultaneously
catalyses Hz evolution from aqueous media [equation (2)1,
Althoughthe overall reductionofCO2 to methane is thermo-
dynamically favoured,the H2 evolutionprocessis kinetically
favoured. Addition of bipyrazine ligand specifically blocks
H2-evoiution andintroducesa kinetic barrier for the process.
ApplicationofRu-(II)-fs-bipyrazineasphotosensitizer gene-
rates an intrinsic built-in inhibition site for H2-evoiution
and results in the selective reductionof CO: to methane '*.
Thesynthesisofphotosensitizers with different photophysi-

cal and redox properties as well as photosensitizers with
functional groups in the ligand backbone has been widely
examined in our laboratory'* ". Here we report on the
application of Ru-<IT)-ms-phenanthroüne 1 and Ru-(n>
bis-bipyridme-pyridyl-3-inethylpyriimdine. Ru(bpy)a(Py-
MPym)^^, 2, as photosensitizers in die reduction of CO2
to CH* in the presence of Ru-coikndL We compare the

photophysical properties and effectiveness of these photosen-
sitizers to rnoseofRu(bpy)3**.

Experimental Section

The illumination ; were carried (Hit in a glasscuvette
equipped with a valve anda stopper.
The samples contain RuLi* (L 2^-bipyridine or 1,10-

phenanthroline), 1.4 x 10"* M: MPVS.7.0 * 10"* M; TEOA, 1.0
x lO-'M;NaHCOj,2.Qx 10"' M and rahemum colloid, 20 ingfl.

newkiurnal of CHEVtlSTRY. vou 14, N 5-1990. 0398-9836/90/5 317 04/S Z40/
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Table I. - Photophysical and Redox Propertiesof Photosensitizers.

Photosensitizer

Ru(bpy)j-*
Ru(phen)j-*
Ru(bpy);(PyMPym)-*

Tf
(usec)

0.61'"
0.96""
0.I1-

* (S*/Sd)
(V)"

0.77"
0.77
1.20

* (S*/S)
(VT

-0.81'"
-0.78
-0.71-"

(Vf-

1.29"
l.4CP>
1.39^"

tfS/S,)
(V)*

-1.33'"

-0.90^"

Calculated from the ground stale redox potentials and the excitation energy "~.
*

vs. SCE Solvent MeCN.* See experimental section.

at pH 7.8 under CO2 atmosphere. The total amount of the aqueous
solution was 3 mL. The light source for performing continuous
illumination experiments was a 150 W xenon arc lamp (PIT). For
detection of the evolved syntheses-gas(hydrogen and hydrocarbons)
the gas sampleswere taken out from the cuvettesand analyzed by gas
chromatography (Packard427 instrument with thermal conductivity
detector for hydrogen and a Tracor 540 gas Chromatographwith
flame ionization detector for hydrocarbons).
Redoxpotentialsofthe seasitizers at the ground-stalewere determi-

ned by cyclic voltammetry-' using the corresponding RuLi (I/)
(PFshcomplexes of Ru(bpy),'*(L - L"). Ru(phen),*+1, (L - L")
and Ru(bpy)i(PyMPym)**2. Excitedstatepotentials werecalculated
from the ground-state potentials and the zero-zero excitation energy
E~, which was taken from UV-data. The resulting data were

compared to literature values,which are given in Table I.

Results and Discussion

The electron acceptor that was applied in this study as

electron carrier is N,N'-3-propybulfonato-(3,3'-dimethyl)-
4,4'-bipyridiniunuMPVS, 3. The reduction potential of this

charge relay((MPVS-/MPVS) = - 0.79 V) is substan-

tialty more negative thanthatofPVS~\ 4, (PVS~/PVS)
= - 0.41 V. The lower reduction potential of3 as compared
to that of 4. originatesfrom steric hindrance of the methyl
substituents that introduce a barrier to planarity of the two

rings and resonancedelocalization of the resulting reduced
radical. Consequently, reductionofMPVS is moredifficult

than reductionofPVS,and therefore the reduced photopro-
duct is a more powerful reductant.

Illumination of an aqueous solution that includes

Ru(phen)3-* as photosensitizer. MPVS as primary electron

acceptor and triethanolamine as sacrificial electron donor
under an atmosphere of CO2 in the presenceofthe Ru-colloid,
results in the reductionofCO2 to methaneandconcomitant
Hi-evolution. Fig. 1 displays the rate of methane formation
as a function of illumination time. Fig. 2 shows the rate of
H2-evolution from the system. For comparison, the rates of
CHx-formation and H-evolutionfrom a similar system that

applies Ru(bpy>3-* as photosensitizer are also displayed. In
addition to the formation of methane, minor amounts of
ethane, CzH, are also formed(0.01

ExclusionofCO2 from thesystem resultsin onlyH2-evoIu-
non and no methane or ethane is formed. Exclusion of
MPVS,the electron donor or the Ru-colloideliminates the
formation of H2 and CO2 reductionproducts.Furthermore.
substitution ofMPVSby MV-* (methyl viotogen)or PVS
eliminates the formation of CH* and C2H6 but the activity
of the system towards Hi-evolution is maintained. These
results indicate that CH* and drU originate from the

reductionofCO2 substrate. Also, the results imply that the
reduction of ruthenium colloid activated CO2 requires a

chargerelay (MPVS" ) that exhibits amore negative reduction

potential than that requiredfor Hz-evolution.Substitution of

the photosensitizer-Ru(phen)j-*by Ru(bpy)2(PyMPym)**\

/-SO3

Structures of Ru-{II)-fm-phenanthroUne1; RuKII>bis-bipyridine-pyridyi-3-methylpyrimtdme,Ru(bpyWPyMPymr*2 and N,N"-3-propytsulfona-
to-(3,3'-dimethyl)-4.4'-bipyridinium.MPVS, 3.
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Figure 1. Raw of photosensitized CH*
formation in the presence of the sensitizers
Ru(phen)j-* 1 (X)orRu(bpy)j-* (O). [sensiti-
zerj 1,4 x IO~*M; [MPVS] - 7.0 x
10"' M; [NaHCXHl 5.0 x io~* M; (Ru
colloid} = M mg/L; pH - 7.8 wider COi
atmosphere.

Figure 2.Rate of photosensitized hydro-
gen evolution iathepresence ofthe sensitizers
Ri^phen)-* 1 (X) or Ra(bpy^* (0). {sens-
zerj - 1,4 x 10"*M; [MPVSI - 7.0 x

10"* M; {NaHCOj} - 5.0 * 10~* M; {Ru
coUoid] - 20mg/L; pH - 7.
atmosphre.
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does yield upon ülumination neitfier COj reduction nor

H-evolution.TableI summarizesthe pfaotophyskal proper-
ties and redox characteristics of the photosensitizers,
Ru(phen)3-* and Ru(bpy)2(PyMPym)** in comparison to
those of Ru(bpy)3**.The fluorescencequenching processes
of the excited photosensitizersby MPVS" [see equation (3)]
have been examined.The quenchingrate constantsare sum-
marizedin Table II together with the excitation and emission
wavelengths. It is evident that the quenchingof

S + MPVS - [S*~MPVS--] - S* + MPVS~-(3)

Ru(phen)3^*andRu(bpy>2(PyMPvm)^* byMPVSisrespec-
tiveiy ca. 3 and 12 times more effective than the electron
transfer quenching of Ru(bpy)3** by MPVS. The charge
separation yield of the encounter cage structureof photopro-

ducts(<$*) and the backelectron transfer rate ofthe separated
photoproducts [equation(4)} have been determinedby means
of laser flash photolysis. These values are also summarized
in Table II. It is evident that the charge separationyield in
the presenceof Ru(phen)j** is improved as compared to

Ru(bpy)3**. Also, the recombination of the intermediate
photoproducts is aboutSS %slower in the system that applies
Ru(phen)3-*. In turn, no separation of the encounter cage
complex of photoproducts takes place in the system with
Ru(bpy)2(PyMPym)**.Thus, the absence of H2 evolution
and CO2 reduction products in the system that applies
Ru(bpy)3{PyMPym)** as photosensitizer, is due to rapid
recombination oftheelectron transfer products inthe primary
encounter complex that eliminates the subsequent reduction
processes by MPVS".
S~ + MPVS-- - S + MPVS (4)
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h "<*

TKJA7-

TEOA -Ru(phn)-j

HPVS

HPVS "

Fignre 3. Mechanism of the photoinduced reduction of carbon dioxide to methane and simultaneous water
reduction by using Ru(phen)jCl2 I as sensitizer, MPVS 3 as charge relais, TEOA as sacrificial donorand Ru
colloid as catalyst.

Table II. - Quenching Rates and Back Electron Transfer of the
Different Photosensitizers and Electron Transfer Products.

Compound X jfc," x 10"' d,*
(nm) (nm) (M"' . sec"') (M-'.sec"')

" 456 618 0.18

Ru(phen)}-* 451 601 0.76

Ru(bpy)2 452 649 2^4

(PyMPym)^

0.9
1.3
0

"' 3.8
IT* 2.1

* Static quenching; decreasing luminescence of the sensitizer by
increasing concentration ofquenchingcompound. Jfc, was calculated
from the slopeofcorrelatingthe ratio /o// f/o * luminescenceintensity
without quencher* / * foroirtrsccflce with defined concenttaüOQ of

quencher) vs the concentration ofthe quencher 2nd the luminescence

lifetime of the sensitizer. Quencher: MPVS3 in aqueous solution

[KC1] 0.5 M. * <Dj = charge separation yield of the encounter cage
structureofphoioproductsestimatedbythe amount ofoptical density
of the reduced relay MPVS at X,, = 602 nm after laser-flash

excitation ofthe photolysis system containing sensitizer, charge relay
and the sacrificial donor in accurately degassed solution under

argon atmosphere.' M> back reaction constant of the primary
photogenerated oxidized sensitizer and reduced charge relay [see
equation (4)]. b was determined by time resolved laser-flash-

photolysis.

We conclude thatRu(phen)3** acts as asuperiorphotosen-
sicizer as compared to Rufbpyjs** in Hj-evolution and
CO2-reductionin the presence of Ru-colloidas catalyst. The
improved activity originates from additive effects: Improved
quenchingof the excited state and effectivecharge separation
of the primary encountercage complex and slower back

electron transfer of the intermediate paotoproducts. The
overall sequential process that leads to the reduction of

COi and Hr-evolution is schematicallydisplayed in Fig. 3.

Interestingly, the formation of ethane through reductionof

CO mightsuggest the intermediateformation Ru=CHiand
RuCHj surface species. Dimcrization of the Srst specks
followed by hydrognation or dimerization of the second

species might be the source of ethane.
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IR (neat): v = 1710, 1740 (CO), 970cm-' (C=Q.
'H-NMR (CDClj/TMS): 5 = 1.14 (t, 7 = 7.1 Hz, CH,CHj), 1.18
(s, CHjCCO), 1.52 (dd, 7 = 6.4, 1.5 Hz. CHjCH), 2.02 (s,
CHjCO), 2.38 (m. 7= 7.2, 1.1 Hz, CH^CH), 4.07 (q, 7= 7.1 Hz,
CHjO), 5.14 (m, 7= 15.1. 7.2,1.5 Hz, CHjCH), 5.39 (m,7= 15.4,
6.4, 1.1 Hz, HCCHj).
MS: m/s= 198 (M*).

Compound 4:
IR (neat): v = 1715, 1740 (CO), 705cm-' (C=Q.
'H-NMR (CDClj/TMS): 5 = 1.20 (t, 7 = 7.1 Hz, CH3CH1X1-26
(s, CH3CCO), 1.56 (dd, 7 = 6.8, 1.8 Hz, CHjCH), 2.09 (s,
CHjCO), 2.53 (m, 7= 7.5, 1.6Hz, CH^CH), 4.13 (q, 7 = 7.1 Hz,
CHiO), 5.17(m, 7= 10.8, 7.5,1.8 Hz, CH^CH), 5.54 (m, 7 = 10.8,
6.8,1.6 Hz, HCCHj).
MS: m/2= 198 (M*).

IR (neat): v = 1710-1730(CO), 1635cm-' (C=Q.
'H-NMR (CDQj/TMS):5 = 1.19, 1.2 (m, 7= 7.1 Hz, CHjCHj),
1.21, 1.22 (s, CHaCCO),2.10, 2.08 (s, CHjCO), ca.3 (mbr, 7= 8,
1.1, 0.8 Hz, HCCHj),4.13, 4.10(m, 7= 7.1 Hz, CH^O), 4.96 (m,
7 - 16.2,1.8 Hz, HCH=),5.0 (m,7= 7,1.8,1.1 Hz,HCH=), 5.70,
5.61 (m, 7= 16.2, 7, 8 Hz, HCCHj).

Theothercompounds shownin the Tables werepreparedsimilaiiy,
separatedby preparativeGCand identified spectroscopicaliy.
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EfficientSynthesis of Crown Ester-linkedRutheniumComplexes. New Class of a
SupramolecularSensitizer-CrownEster Assemblyfor Electron Transfer*
Heinz Dürr,*Heike Kilburg, Stefan Bossmann
Fachbereich 11.2, Organische Chemieder Universität des Saarlandes, 6600 Saarbrücken,Federal Republicof Germany

> Pro/essorFK .Krzmse on rAe occasion a/Ats60fA otftdiay
transfer properties, but nevertheless enable consequent
dynamic flexibility for subsequent charge spara-

The synthesis of a novel class of supramolecularruthnium-
sensitizersdirectly linkedto new heterocycoc crown ethers, as weil
as their IR-, UV- and fluorescence spectroscopic data are

described.

Rutfaemum(L3)^* complexesare important light har-
nessingmaterialsusedin photoinduced electron-transfer
reactions, and consequently important components for
solar light conversion and storage devices.*** Effective
electron transfer quenching of the excited species is
essential for ligfat/chemkal energy conversion pro-
cesses.* An effective quenching of excited species has
beenaccomplishedinorganized microheterogeneous en-

vironments by locations of the photosensitizer-relay
components at the interface/"^ Localization of the
relay componentat the photosensitizer site can be ac-

complishedalso at the molecular level through linkage
of the two components.*-' Nevertheless, such an as-

sembly also assists the back electron-transfer process of
the intermediate chemically linked photoproducts. A
secondapproach involves the design ofphotosensitizer
receptor systems.i~'*Association of the relay to the
receptor site is anticipated to allow effective electron

tion."-"
The first heterocydic crown ethers including ^
bipyridine weresynthesized by Rebeck.*-" The design
ofefficient energystorage systems using thesecompounds
as ligands in ruthenium-polypyridylcomplexes is not

possible,becausetheexpectedlifetime ofthese complexes
(with electrondonorsubstituents)are relatively short and
the binding properties of the crown ether unitcannotbe
modified(e. g. bystructuralchanges ofthe electron relays
or solvatation effects), whichis also the case for crown
esters."
In this paper we describe the preparation of a new

sensitizer-relay assembly combining ruthenium(bpy)3*''"
andcrownesterfunctions.Thecrownesteris supposed to
bind the ions to the appropriaterelay in a dynamic
process.

For the preparation of suitably functionalized crown
esters the esterification method ofWang et al." coupled
withthe modificationofPiepers andKellog," byreacting
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dicesium salts ofthe corresponding carboxytic acids with
polyglycoldihalides in dimethylformamide was chosen.
Accordingly, the heterocyclic podands 3a-c and
coronands 6-10 were synthesized(Schemes A and B)
(Tables 1 and 2).

Using the new heterocyclic podands 3 and coronands
610 three types ofrutheniumcomplexes wereprepared
by treating them with [Ru(bpy)JCl2 (11) (bpy = 2^'-
bipyridine), [Ru(bpz)JCU (16) (bpz = 2^'-bipyrazine)
and [Ru(DMSO)43Cl2 (21) in aqueous ethanol under
reflux conditions. Bis-heteroleptic complexes
[Ru(bpy2)(L')]CU[12, 13 (L' = 3a), 14, 15 (U = 3b)
containing the podands 3 a and 3b, bis-heterolepticcom-

plexes [Ru(bpyj)(L")]CU (17, 19 L" = 6, 9) and
[Ru(bpz)2(L")]CU (18,20. L" = 6,9) possessing in both
cases the coronands 6 and 9 were thus obtained
(Schemes C and D). The tris-homoleptic complexes
CRu(L'"j)]a2(22, 23 L"' = 6, 9) were formedsimilarly
from 21 (SchemeE).
Thereaction of[Ru(bpy)2]CU(11)and thepodands3a.b
lead to mononudear l 14 and binuclear ruthenium
complexes 13, 15 respectively. The complexes were se-

parated by column chromatographyusing Sephadex
LH100and ethanol/methanol(5:1) as eluent. InaUcases,
the IR, UV, NMR, mass spectra and elementalanalyses
were in agreement with the structures proposed (Tables
3-5).

COjCs

6 -

OMF, 70C, i8h

COjCs

OMF, 70C,
66%

COiCs

Be)

DMF, 55C, 96

Scheme A

3a

3b

3c

CsOjC COjCs

OUT, 50C, 96i

CsOiC COiCs

DMF.SO'C, 72h

7 5%

COjCs COjCs

DMF,48C, ^8h

9 S2"/.

Scheme B
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Table 1. Compounds3, 6-10 Prepared

Papers 775

Dicesium
Salt
(mol)

2a (0.02)

2b (0.039)

2c (0.028)

5a (0.01)

5b (0.016)

5c (0.01)

Polyethylene
Glycol
Dihalide (mol)

1 (0.01)

1 (0.019)

1 (0.014)

4 (0.01)

4 (0.016)

4 (0.01)

Reaction
Time (h)

48

72

96

96

72

48

Prod-
uct

3a

3b

3c

6

7

S

9a

10

Yield
(%)

94

66

35

48

5

47

52

3

mp
CO

oil

48

oil

oil

113

ofl

OÜ

127

Molecular
Formula'*

C,oH,N,0,(404.4)*
C,H.>4.N,07
(404.4)
CigH-,-,NiO7
(406.4)"
Ci2H,sN,Os
(446.5)

(892.9)
CiH-.6N-.0g
(446.5)
CjiHzgNiOs
(446.5)

(892.9)

IR
(film/KBr)
v(cm"')

3050. 2940.
1735, 1290
3060, 2970,
1740. 1250
3070. 2900,
1730, 1250
3070, 2940,
1730, 1450

, 3074, 2952,
1730, 1455
3070, 2900,
1475, 1460
3100, 2900,
1730, 1490

, 3100,2905,
1736,

UV(CH,CiJ
-W(0
(loge)

269 (3.63)

262 (3.52)

328 (2.44),
257 (3.24)
265 (3.56)

268 (3.42)

264(2.69)

295 (3.59)

297(3.88)

MS (FAB)
m/r (%)

_

-

447 (0.5),
96(100)
894 (0.1),
447 (0.6), 96 (100)
448 (1.2),
112(100)
447 (2.1),
95 (100)
893 (0.3),
95 (100)

* Satisfactory microanalysesobtained: C 0.3,H 0.1,N 0.1.

Tabte 2. NMR Data ofCompounds 3,6-10

Com- *H-NMR (CDCyTMS)
pound .5, /(Hz)

"C-NMR
(CDQj/TMS)

3a 3.73 (me, 8H), 3.85 (me, 4H), 430 (me, 4HX 7.87 (dd, 4H, V 5.7,
V= 0.9, 4H), 8.78 {dd, 4H,V5.7, V-0.9)

3b 3.70 (me. 8H\ 3.85 (me, 4H), 4.50 (me, 4H), 7.44 (td, 2H, V=4.8,
*/= 1.6), 8.31 (me 2H), 8.76 (dd, 2H, V= 4.8, V-1A9-20 (dm, 2H,
V 4.8)

3c 3.69 (me, 8H), 3-80 (me, 4H), 431 (me, 4H\ 8.03 (dd, 2H, V 5.2,
*/= 1.1), 9.43 (dd, 2H,V= 5J, V= 1.1), 9.45 (s, 2H)

6 3.62 (me, 12H), 3.79 (me, 4H), 4.20 (me, 4H), 731 (td, 2H, V= 7.7,
V= 1.6), 8.39 (dd, 2H,V7.7, V = 1.6), 8.74 (me, 2H)

7 3.58 (me. 24H), 3.74 (me, 8H), 4.24 (me, 8HX 730 (td, 4H, V= 7.6,
V= 1.7), 837 (dd, 4H, V= 7.6, V 1.7), 8.76 (me, 4H)

8 3.62 (me, 12H), 3.79 (me, 4H), 4.20 (me, 4H), 7.49 {dd, 2H, V- 7.9,
V- 1.7), 8.40 (dd, 2H, V-7.9, V- 1.7), 9.02 (s, 2H)

9 3.67 (me 12H), 3.88 (me4H), 435 (me 4H), 7.92 (d, 2H, V= 5.2), 8.86
(d, 2H,V- 5.2), 8.96 (me 2H)

10 3.65 (me 24H),3.85 (me &H), 4.53 (me 8H), 7.87 (d, 4H,V- 5.5X 8.89
(d, 4H,V= 5.5), 8.98 (me 4H)

63.74, 69.67, 70.11,121.71,136J0,149.46,163.75

63.80, 68.28, 69.96, 122.71, 125J3, 136.44, 150,07.
15X70,164.41

62.57, 70.46, 71.35, 125.64, 128.05, 149.66, 152.17,
164.38
63.77, 69.62, 121.83, 125J,137.30, 150.40, 157.83,
164.48
63.56, 68.18, 120.64, 124.97, 138.02,148.11, 157.67,
164.42
64.07, 69.38. 70.65, 122.50, 125.13, 13836, 151.05,
15531, 164.03
64.01, 70.16, 70.88, 122^5, 124.98, 138.21, 149.70,
155.99,164.62
64.13, 70.44, 70.56, 70.78, 123.05, 125.03, 138.16,
149.78,127.47, 164.62

TaWe 3. Ruthenium Complexes12-15,

Starting
Ru(ID
Complex
(mmol)

11 (0.18)

11 (0.18)

11 (0.18)
11 (0.18)
16 (0.18)
16 (0.18)
21 (0.25)
21 (0.25)

Podand/
Coronand
(mmol)

3a (0.29)

3b (0.29)

6 (0.29)
9 (0.29)
6 (0.29)
9 (0.29)
6 (0.29)
9 (0.29)

Reaction
Time

12

12

48
36
124
48
72
112

17-28, 22 and 27Prepared

Prod-
uct*

12

13
14

15
17
19
18
20
22
23

Color of
the
Crystals

orange
red
red
orange
red
red
red
red
dark red
dark red
black
dark red

Yield
(%)

34

58
37

47
67
95
21
43
45
53

Molecular Formula''

C>H4oC1NsOtRu (888.8)

CgoHgoCUNijOi^Rui 11 H,0 (1777.6)
C40H40CI2NS07RU 8H2O (832.8)

CgoHgCl*Hi20tRui 8H1O (1777.6)

CuH^CLNsOgRu lOHjO(932.8)
CjgH3a-,NioOgRu-6H2O(934.8)
CH,gCÜNtoOgRu 6H,O (937.8)
CH7ga3NsOiRu 9 H2O (1511.4)
CH7gQ2Nj0i*Ru 8H2O (1511.4)

MS (FAB)
m/z(%)

889 (0.8), 195 (100)

1778 (0.06), 195 (100)
890 (1.4), 195 (100)

1778 (0.12), 195 (100)
-

-

-

-

-

AU products had meltingpoints > 280C.
Satisfactory microanalysesobtained: C 0.4,H 0.14, N 0.2. Exceptions; 13.14: C +0.5.
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Table4. UV Data of Complexes 12-15, 17-20, 22 and 23*

Compound A,_c loge
(nm) (nm)

'S*
(am) (nm)

12
13
14
15
17

18

19

20

22
23

291.0
2S9.0
292.0
291.6
287.2

295.5

289.6

303.0

299.7
309.5

4.73
5.02
4.96
5.28
4.45

4.54

4.57

4.52

4.31
4.41

460.5
461.5
466.5
468.2
427.7
505.0
(sh)
379.5
471.0
464.0

421.4
481.0
(sh)
451.0
404.2
531.0

4.09
4.38
4.21
4.54
3.75
3.53

3.78
4.05
3.81

3.92
3.70

3.52
3.49
3.29

415.8
416.2
466.2
468.4
456.0
531.0

351.0
480.2
428.4
468.4
471.0

513.0
350.0
474.0

505.0
504.7
652.0
652.5
652.4
728.2

646.0
646.2
495.0
680.0
659.0

71Z2
656J
657.4

* LC = Ligand centered; MLCT= Metal to ligand charge trans-

fer, EX = Exitation, EM = Emission.

TaWe5. 'H-NMR Data ofComplexes12-15, 17-2, 22 and 23
(CDQ3/TMS)

Compound 5,/(Hz)

12

13

14

15

17

18

19

20

22

23

3.56(me,4HX 3.66 (me,4H),3.76 (me,4H),4.06
(me, 4H), 7.18 (me, 4H), 7.58 (d, 2H,V6.2),
7.61 (d. 2H, V- 6.2), 7.86 (me, 4H), 8.13 (me,
4HX 8.44 (me,4H), 8.62 (d, 2H, V- 5.4), 9.28
(d,2H,V=5.4)
184(me,8H). 2.75 (me,8H), 2.84 (me. 8H), 2.88
(me, 8H), 6.03 (me, 8H), 6.44 (me, 8H), 637(d,
4H,V- 5.5), 7.04 (d, 4H, V = 5.5), 733 (me,
8 H), 7.41 (d,4H./= 5.2), 7.67 (me, (8H), O3
(d,6H, V=5.2)
3.64 (me,4H), 3.85 (me,8H), 3.89 (me, 4H), 7.29
(me, 2HX 7.71 (me, 4H), 7.84 (d, 2H, V- 5.8),
7.95 (me. 4H), 8.22 (t, 2H, V- 5.8), 8.47 (me,
4H), 9.68 (me, 4H), 9.34 (me, 2H)
2.57 (me, 16H), 2.62 (me, 8H), Z68 (me, 8H),
6.17 (me, 8H), 6.79 (me 4H), 6.90(me 8 H), 7.11
(me 8H), 7.34 (me 8H),7.38 (d, 4H,V5.0),
7.55 (t, 4H, */= 5.0), 8.31 (me 4H)
CLi 3.48 (me 12H), 3.53 (me 4H), 3.62 (me
4H), 7.16 (me 4H), 3.62 (me 4H), 7.16 (me
4H), 7.20 (me 4H), 7.48 (d,4H, '/= 6.8), 7.84
(d, 2H, */=6JZ), 8.31 (t, 2H, V= 6.2), 8.45
(me, 4H), 8.67 (me, 2H)
3.48 (me 12H), 3.67 (me 4H), 3.78 (me 4H),
6.71 (me 2HX 7.15 (me 4H), 7.38 (d, 2H, V
= 7.4), 7.57 (me 4H), 7.64 (d, 2H, V = 7.4),
7.83 (me 4H), 8.32 (me 4H)
3.49 (me 12H), 3.55 (me 4H), 3.68 (me 4H),
7.86 (d. 2H, V= 6.6), 7.92 (me 4H), 8.56 (me
4H), 8.67 (me 2H), 8.75 (d, 2H, V* 6.6), 9.71
(me4H)
3.51 (me 12H), 3.67 (me 4H), 3.71 (me 4H),
6.74 (me 2H), 7.41 (d, 2H, V= 6.8), 7.72 (d,
2H,V 6.8), 7.88 (me 4H), 8.48 (me4H), 9.68
(me4H)
3.48 (me, 12H), 3.52 (me 12H), 3.58 (me 12H%
8.24(me 6H). 8.82 (me 6H), 9.01 (me 6H)
3.44(me 12H), 3.51 (me 12H), 3.60 (me 12H),
7.76 (me, 6H), 7.82 (me 6H), 8.92 (me, 6H)

The polyoxyethylene3 or macrocyclicligands 6, 8, 9
werestudied with regard to their properties as hosts for
alkali (Li*, Na*, K+, Rb*) and earth-alkali ions
(Mg^+, Ca-*. Sr \ Ba-*) as guests. The binding pro-
perties shows a clear effect in the series Rb~, Mg-*,
Ca-*, Sr^*, Ba-*. The extinction coefficients increase,
and the absorptionmaxima do not show a remarkable
shift (Table 6).

Table6. Absorption Maxima and Extinction Coefficients of the
Crown Esters 3. 8 and 9

Ion 3b

(nm) (nm)
loge x

(nm)
loge

Rb+

Mg*+
Ca-*

Ba*+

262
262

262
264
268
263

3.77
4.06

4.04
4.16
4.15
4.13

263
270
(sh)
267
266
267
268

2.18
3.01

2.99
3.00
3.00
2.90

289
272

283
286
286
283

3.54
3.78

3.80
3.80
3.81
3.81

The crown ester modified ruthenium polypyridyls com-

pared with the standard sensitizer Ru(bpy)3 Qj
CWt= 452.0 (nm),^= 452 (nm), ^= 613 (nm)]
give rise to bathochromic shifts in absorptionas well as in
emission.
Thelarge Stokesshifts oftheUVandemissionmaximaof
the tris-homoleptic sensitizers can beexplainedby higher
internal conversionrates caused by the flexibility ofthe
crown ester function and the lowering ofthe *MLCT-
level ofthe complexes."
An experiment under steady state irradiation using the
ruthenium complex 19 and methylviologen(MV**) as

electron relayin acetonitrile/water(95:5) wascarried out.

yxtO
3.500-

3.000-

2.500-

2.000

1.500

1.000
0.O0 0.200 O3O0 0XOO 0.S0O

Sensitizer Rutheniumbis(2*2'-bipyridine) (oxybis(ethyienoxyethyl-
enoxymethytene) (Z2*-bipyridine-4,4'-dicarboxylate))dichk)ride;

Chargerelay: Methylviologendichlorkie.
Solvent: Acetonitrile/'Water(95/5).

Figure. Stem-Volmer Plot of the Compte 19 and Methylviotogen
as Electron Relay in Acetonitrü/Water (95:5).
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The non-linearStern-Volmer plot (Figure) indicates an
attraction between the crown ether modified bipyridine
ligand of the complex and the relay, leading to a very
rapid decrease of the luminescenceand thus to a veryfast
intramolecular electron transfer. This is an important
process which opens up a possibility to reduce back
electron transfer in energy storing systems.
In summary, we have demonstrated that pyridines and
bipyridines linked by a polyoxyethyleneora crownether
moietycan be prepared in good yields. The ruthenium
complexescontaining these Iigands were synthesized in
average to good yield. The new Iigands 3, 6, 8 and 9
show interesting binding properties with alkali ions,
which are promising for the binding efficiencies of the
rutheniumcomplexes. The quenching experimentusing
the rutheniumcomplex 19 and the electron relay meth-
ylviologen prove a very fast intramolecular electron
transfer.
Further results analogthese lines comprisingmechanistic
studies will be reported elsewhere.

The followinginstrumentswere used for spectraland analytical
measurements: IR-Beckman IS. spectrophotometer, UV-Kontron
Uvikon spectrophotometer,*H- and "C-NMR-Bnifcer400MHz
spectrometer, MS Varian and C,fLN-Carto Erba.

Pyridine-3-carboxylie acid,pyridine-4-carboxylie acid, tetraethylene
glycol dichloride, 2^-bipyridine, 4,4'-dimedryt-2^-btpyridiae,
1,10-phenanlhrolineand Sephadex LH100 were obtained from
Aldrich and used as such. Pyrtdazme-4-carboxyücadd,** Z2'-
bipyridineO^'-diearboxylicacid,"2^-bipyrkime-4,4'-dicarboxylie
acid.-* pentaethyleneglycoldibromide,-" ruthemum-bis-bipyridine-
dichloride,^* nithemum-bis-bipyraziBe-dichlorMte," and ruthen-
ium-tetrakis-dimethylsulfoxide^lichloride""' were prepared as de-
scribed in the literature.

Dicesium-4,4'-bipyridine-3^3'-<iicarboxylate(5b);Typical Procedure:
3,3T3methyI-4,4'-btpyridirje" (5.0 & 2.7 x 10" * soot) is oxidized in
water with an excess ofKMnO* (15.8 g, 0.1 mol). After filtration
the solvent is removed. The potassium salt is dissolved inwaterand
precipitated as the barium salt

The barium salt (7.1 g, 1.9x l~*mol) is treatedwithCsjCOj aad
H^SO*and then filtered. Removal of die solvent affords dicesium-
4,4'-bipyridtne-33'-dicarboxylate (5b); yield:9.7g (1.87 x 10"*%).
Heterocyciic Crown Podands 3 aad Coroaands 6-10; General
Procedure:
A heterogeneous solution of the correspondingcesium salt 5 and
the appropriate polyethylene glycol d&aude 1 or 4 m dry DMF
(2L) is stirred 48-96h at 50-70C(see Tables 1 and 2 for molar
quivalents and reaction conditions). After removing the solvent m
vacao, the residue is extracted with CHiQj and filtered. The
organic phase is concentrated and, the product is purified by
columnchromatography onaluminumoxideusing EtOAc/CHjCK
(1:1) as eluent.

The dimers 7 and 10 are eluted in a second fraction by chroma-
tography on aluminum oxideusingEtOAc/CHCU/EtQH (7:1:1)
as eluent (Tables 1 and 2).
Ruthenium Complexes12-15,17-20, 22, 23; General Procedure:
A mixture of the appropriatepodand3, coronand 6 or 9 and the

corresponding ruthenium complex II, 16 or 22 is refluxed in
EtOH/H,O (3:1) for 12-24h (see Table 4 for molar equivalents
and reaction conditions). After removing the solvent d aci,
water (100 mL) is added and the mixtureis extracted widi CHiCK
(4x 100 mL). The water is removed again i wkmg and the com-
plexes are precipitated by adding MeOH(5 mL) and Et,0(20 mL).
The precipitate is dissolved in MeOH and the complexes are

SYHTHESB

separated in monomers and dimers (in the case of 12-15) and/or
separated from the bis-complexes by column chromatography on
Sephadex LH100 using EtOH/MeOH (5:1 as eluent.The solvent is
removed and the complexes are dried at 50 C i nzcuo and stored
over P,Oj (Tables 3-5).
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Supramolecular Sensitizersand
Sensitizer/RelayAssemblies
A Novel Approach to Electron Transfer Reactions

i/. Dürr, S. ifam/mmn,if. , if. P. 7nerwe//er,

Artificial photosynthesisinvolves a truly supramolecular system [1]. The key
stepas in natural photosynthesisisan electron-transfer process. In the recent
past, numerous papers [1-9] havebeen devoted to the study ofsuch systems, the
results ofwhich can be summarized as follows:
An artificial photosynthesissystem consists basicly ofa light absorber(sensitiz-

er), an electron carrier (relay), and catalysts to mediate Ha and Oj-production
fromwater. As sensitizer, metal-pyridine complexes[2], metal porphyrines[3], and
semiconductors [4] have all beenemployed.Relays have included bis-ammonium
salts like methylviologen [5], or more complex molecules like cobalt-sepulchrate
[6{. The kinetic barrier represents a majorobstacle to generating hydrogen oroxy-
gen, and it has been circumvented by catalysts such as Pt, Ru, Os [7] and RuOj,
IrOj [8], eta Such a supramolecular system can in principle generate Hz and O?
during irradiation of an aqueoussolution (Scheme 1).

Scheme 1. Artificial photosynthesis.

However,to facilitate the study ofthe reduction and oxidation steps, the two
processeshavefrequently beenseparated, thus giving rise to simplersystems {2,
91-
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In order to achieve the final goal, efficient cleavage of water to hydrogen and
oxygen, optimization is essentialfor each component:sensitizer, reiay, and cata-

lyst.
In this contribution the focus is on the development of new, efficient supramo-

lecular sensitizers based on a Ru(Ls) complex. Three topics associated with this

very general problemare presented:
1. Developmentand characterization of a new Ru(L)3-cagecomplex.
2. Test of a new supramolecular sensitizer/relayassembly with respect to Ht pro-

duction from water and CHgenerationfrom CO2, and
3. Experimental results from novel sensitizer/relay-crown assemblieswith regard

to electron transfer.

Developmentand Characterizationof a Supramolecular
Ru(L>3-Cage Complex

The principal problem in electron transfer reactions employing Ru(Lj) com-

plexes (or other metals) is the need for optimal photophysical parameters with

respect to the complexes themselves. The requirements for a good sensitizerare:
- absorptionin the region of solar emission
- excited states with long lifetimes
- suitable redoxpotentials
- photostability
- fast bimolecularelectron transfer.
Many papers have dealt with the optimizationof these parameters [1,2,3], but

photostability remains a majorproblemto be solved. A very elegant idea for in-
creasing photostability and overcoming"photoanation" (the photo-dissociation
of a complex ligand) was first presentedby Sargeson [10]. He demonstrated that

cage structures are apparently 1) more stable to photoanation and 2) unchanged
with respect to ligand properties when coordinatedto metals [11]. In the case of

Ru-polypyridines,internal conversion (ic) processes were also reduced as evi-
dencedby luminescence (quantum yield) and the lifetimeofthe metal-to-ligand
charge transfer (MLCT) state (see below). Typical complexes in which this idea
has been further pursued include those shownin Figure 1.
The metal (Eu/TbXcryp)**2a/2b prepared by Lehn were useful only for en-

ergy production,not for electron transfer [12]. Synthesisofthe caged Ru-cryptate
3 in small amounts has been reportedby Vögtle and Balzani [13].
We recently synthesized the new supramolecular Ru(cryp)^* 4 [14]. The novel

complex4 was expected tobe subject to slightly more geometricalconstraint than
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figure 1. Crypttes described by Sargeson 1, Lehn 2a, b, Balzani 3 sod Dürr4 (thedifferentscracmres
of 3 and 4 are indicated by the endings Ru(cryptate)-*: 3 and Ru(cryp)-* : 4.

3, and it was of interestto see how the photophysicaldata for 4 would compare
with those from 3. The synthetic route to the Na(cryp)* representeda modifi-
cation of Lean's [12] procedure, as outlined schematically in Scheme 2

{14].
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Tos-

Scbcmel. The synthesisof pyridine-and bipyridiu and -cryptands.
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A new Chromatographie work-up technique (isotachophoresis) permitted the
Ru(cryp)-+ 4 to be both isolated in low yield (3%) and characterized [15].
The result of the isotachophoresis is shown in Figure 2.

El

JLJ^\ll OT.

Detection: PGD
Solvent: 60%MeOH/40%HjO
Supporting
electrolyte: KOAc/CHjCOOH
Terminator Tris-{hydroxymethyl)-

aminomethane/CHjCOOH
Current: 200 50 A
Voltage: 4 kV
Volume: Volume:

10ul

cjmmj
Figure 2. Isotachophoresis of the reactionmixture after removal of solventof Ru(cryp)^

Structural proof is provided by NMRdata for the Na(cryp)* and
4, as summarized in Table 1 and illustratedin Figure 3.

Table1. '

Na(cryp)<
R(cryp)*

H-NMRdata for the Na*

H', H-

8.19
* 8.05

- and the Ra(crypr*

7.96
8.01

4 (S in ppm).

7.46
7.47

CHj

3.77
4.85
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Photophysical data for Ru(cryp)-* 4

Most important for the quality of a sensitizer,includinga
are the corresponding photophysical data.
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UV spectra for the Ru(cryp)-* 4 are shown in Figure 4 in comparisonwith a

spectrum from the Na(cryp)"^.
UV and fluorescence data for Ru(bpy)|* and the cage complex 3 relative to

the Ru(cryp)-* 4 are clearly distinct, as seen from Table 2.
The new absorption band of 4 at 421 nm is assigned to MLCT excitation (see

below).

Table2. UV/VIS and fluorescence data for Ru(bpy)i+; Ru(cryptate)^ 3 and Ru(cryp)^* 4.

Ru(bpy)+

Ru-cryptate 3

Ru(cryp)*+ 4

^u (nm)

452
300, 350 (sh)
455
355 (sh)
421
472, 568 (sh)

AX(nm)

+ 3

+ 3
- 31
+ 170,+216

emission X
77K

582

597

568

(nm)
298 K

615

612

604

Emission spectra

The emission spectrafor 4 are provided in Figure 5 and Table 2. la contrastto
our earlier findings prior to the availability of a clean sample, Ru(cryp)^* 4

shows clear emission, albeit of low intensity. At 77 K the emission intensity is

increased.
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S

400

FgnreS. Excitation (-

500 600 700 800
N ! nmj

-) and emission ( ) spectra for Rt^cryp)** at 298 K.

Discussion

A typicalexcitationscheme for tris-homolepticRu(L)|* complexespossessing
an ideal octahedral coordination sphere is given by Balzani[13] (Figure6a).
From this schemethe differences in the transitionsbecomeclear. Decisive for

the lifetime of these complexes is the relative ordering of the *MLCT and *MC

hypersurfaces.
Figure 6b shows simplified hypersurfaces for the various excited states of the

cage complex 3. Deactivationof the excited Ru(L)|* and 3 is due mainly to em-

ission from the *MLCT state. From *MC, internal conversion leads to thermal

deactivationof the excited state. In this case k^ is larger than k<~ The complex 3
possesses the same energy gap between *MLCT and *MC, but here the hypersur-
face of *MC is slightly modified so that the reaction *MC*MLCTis faster, and
a furtherreaction from *MC (kb>k} is no longer possible.
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*MLCT
MLCT

AE,

M-L 'M-L 'M-L

b)
Vögtle

3 4

Ftgure6. Typical excitation schemesfor tris-homolepticRb(L)j* complexes [13]. a) Rb(L)|*, b> 3, c) 4.

A completely different situation appliesto RuCcryp)*-'-4 (cf. Figure6c and Ta-
bie 2). From Hgure 6b, c (and Table2) it is evidentthat the excited states of 3 and

4 are quite distinctIn 4, the d-d band is shifted bathochromically,so the bands
at 472 and 568nm can be assigned to the MC transition.The *MLCTtransition is

seen in the band at 421 nm.
This means that the latter transition requires slightly more energy than excita-

tion to the *MLCTstate in 3. The energy profile assumed for 4 thus most proba-
bly resembles Figure 4c, patting the MC state at lower energy. Excitation of

Ru(cryp)^*4 leads via intersystemcrossing (isc) directlyfrom the *MLCT to the
*MCstate. The low population of *MLCT is presumablyresponsible forthe weak

fluorescenceof 4 (<I>f<10"').
The corresponding emission spectrumshows two additionalbands at 512 and

534 nm. These have been tentatively assignedto the 'MLCTtransitions.
Thebasis for the differences in the photophysical data obtained for Ru(cryp)*"**

4 relative to 3 is most probably the distorted geometryin 4. The perfect octahe-

dral geometry achieved in RuO>py)|* is obviously not possible in 4. Slightly
weaker overlap between metal and Iigand orbitalsaccompanying a distorted octa-

hedral geometry could account for all the spectral data describedabove.
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Comparisons of Ru(bpy)5*. 3, and 4 permit the following conclusionsto be
drawn:
a) Ru(bpy)* shows:

- fast radiationless decay of the lowest *MLCTstate
- photoanation

b) 3 possesses:
- a longer lifetime comparedto Ru(bpy>3^",and
- great photostability due to caging

c) 4 has:
- weak fluorescenceand a ^MLCT lifetimecomparableto that of Ru(bpy)jCl2
- potentialfor photoanation due to distorted geometry.

A Sensitizer-Relay Assemblyfor Electron Transfer

A second approach to efficientsystems for electron transfer is to employ a co-

valenüy linked sensitizer-relayassembly[16] (Scheme 3).
In the sensitizer-relay molecule 7, the fragment 2,2'-bipyridine (5) (bpy) to-

gether with relays (modified 4,4'-viologens (6) are combined in one molecule.
Complex 7 has special properties that are reflected in electrochemicaland photo-
physical data.
The lifetime of 7 in its MLCTstate is in the microsecond range. Redox poten-

tials were calculatedby standard procedures. Table 3 provides a summary of ab-
sorption and emission data as well as the redoxproperties of 7.
Sucha system slightlysimplifies the supramolecular arrangement ofthe compo-

nents necessary for light-inducedelectrontransfer.The excited state of compound
7 is reductivelydeactivatedby sacrificial donors (ones thatare irreversiblydeac-

Table 3. Luminescence lifetime and redox potentialofthe sensitizer/relay assembly 7.

loge EM" <I>t_ lifetime** E**

(nm) (nm) t(ns) (V)

sensitizer-relay assembly 7 487.0 4.20 668" 0.024 444 -0.55

"' Luminescence at 298 K
" oftheMLCT-state
" HjO phosphate buffer, pH-6.88
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o-o ** -CH3

2,2'-bipyridine 5 methylviologen 6

sensitizer-relayassembly 7

Scheme3. The structures of2^'-bipyridine,methylviologen,and the sensitizer/relay assembly 7.

tivated) such as EDTA (ethylenediamine tetraaceticacid) or TEOA (triethanol-
amine) [17].
A study of this new complex in the sacrificial systemRuLfVTEOA/2-TMV^/Pt

at pH=7 dearly indicates the advantages of Ru(Me2tepy)f*(7) relative to the
standardcomplexesthathave been citedin the literature. In particular,and with a
sacrificial system in the absence of a relay (e.g. 2-TMV**), the new sensitizer-
relay assembly7 shows a significant amountof hydrogenevolutionin contrastto
Ru(bpy)|* and related Ru(L)f* complexes, which do not lead to hydrogen evo-
lution under similar conditions.
A combination of 2-TMV** as electron-transfer reagent with the sensitizer-

relay assembly 7 understandard conditionsaffords the bestquantumyield so far
observedfor hydrogen production mediated by rutheniumcomplexes. Hydrogen
productionof the sensitizer-relay assembly 7 in the absence of an electron-trans-
fer reagent opens the wayto a very simple photochemical system for water reduc-
tionand related processes.



Su/?ramo/eci//ar 465

CO-.-Reduction

Another interesting process is the reductionof COj. The various possible reac-

tions, together with the associatedredox potentials [18], are given in Scheme4:

Scheme4. Various reduction reactions ofCOj and the corresponding potentials.

(1)
(2)
(3)
(4)
(5)
(6)
(7)
(8)

2H* + 2e-

CO2+ le~

C0+ 2e-

CC>2 + 4e-

C0, + 2e-
CO2+4e-

H,
? CO2-
? CO + H,0
? C + H2O
? HCOOH
? HCHO+ HjO

COj+ 6e~CHjOH+ H2O
CO2+ 8e~ ? CH^+HzO

E--0.41V
E=-2.0V
E--0.52V
E*=-0.20V
E*= -0.61 V
E* -0.48 V
E--0.38V
E*--0.24 V

The new complex 7 was tested for this purposejust as it was ia reduction[19],
According to WUner, rutheniummetal can be used as an efficient catalyst for
generating CH*[20] (Scheme 5).

Scheme 5. Scheme for sacrificial CCK-reduction to methane.

The results are shown in Figure 7, from which it can be seen that CH* was

produced very efficiently, as compared to Ru(bpy)2+
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4.000

0.000

0.000 0.500 1.000 1.900 2.000 2.500 3.000 3.S 4.000

Figure 7. CHt-evolution using the sensitizer/relay assembly 7 ; TEOA as sacrificialelectron donor and
Ru-metaias catalyst, a) Methane-evolution using a COj/NaHCOj-buffer.b) Methane-evolution in die
absence of COj/NaHCOj-boffer. c) Methane-evolution using Ru(bpy)|* as sensitizer; (3-sulfonato-
propy!)-33'-<liniethyl-4,4'-bipyTidinium (MPVS) as election relay; TEOA as sacrificial electron donor:
Ru-metaias catalyst and a CC^/NaHCOj-buffer.

In this process, however, 7 is obviously subject to photochemical demethyla-
tion [19J. This is apparent from the lowertrace b. Nevertheless, CH*production
by demethylation of 7 is dearly a process of minor importance.The demethyla-
tion can be explained by equations a)-c) (Scheme 6).

ca, CH3.

CH,

CHj- +

CH^ + -OH

CH3OH -(- H
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Schein6. The demethylation of 7 ;

A Novel Sensitizer-Relay Assemblywith Regard to
Electron Transfer

A further important factorapart from the long-term stability of an artificial
photosynthetic systemis the effectiveness of electron transfer betweensensitizer
and electron relay.

Effective quenching of excited species has previouslybeen accomplishedby
appropriate placement of the photosensitizerand the electron relay in an orga-
nized microheterogeneousenvironment[21].
One example of the realization of this conceptis the sensitizer-relayassembly

of type 7 described above.
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A second example involves covalentconnection of the sensitizerand relay com-

ponentsusing mthylne groups 8, an approach demonstrated by T. J. Meyerand
by Shafirovichand by J. P. Sauvage [22] 9 (Figure8).

Nevertheless,such an assembly is also capable of assisting the back-electron
transfer of intermediatephotoredox products. A third concept,due to Lehn [23],
requires a photosensitizer-receptor system so designed as to allow effective eiec-

8

D: tterpy-PTZ

Figure 8. The combinationof sensitizer-donorand relay componentsdevelopedby T. J. Meyer and
J.-P. Sauvage.
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tron transfer, but retaining sufficient flexibility to also facilitate the decisive
charge-separation step.
We were interested in constructing new sensitizer-relayassemblieswith reversi-

ble binding propertiesallowing a) the binding of an electron relay, b) very fast
electrontransfer, and c) exchangeof reducedrelay for a bis-cationic (unreduced)
species. Our approach was to synthesize crown ether-modified2,2'-bipyridines.
The crown ether groups were intended to bind cationic species like bis-ammon-
ium salts in a dynamicprocess.
The first crown ether-modified 2,2'-bipyridines were synthesized by Rebeck

[24]. The preparation of mononuclearrutheniumcomplexesusing this compounds
proved impossible, because the binding properties of the heterolytic and the
crown ether parts to the rutheniumare similar. We chose the method of Wang in
the modification by Piepersand Kellogg [25] for the preparationof suitably func-
tionalized crown ethers. Target structures were the substances 10 and 11 (Sehe-
me 7) wherethe crown ether unit is linked by ester groups.

CsOOC CQOCs

CsOOC COOCs

1t
Scheme 7. The novel heterocycliccrown ethers 10 and 11.

These macrocyclic hostswere tested with regard to binding properties for alkali
metal and alkalineearth ions (Ii+, Na+, K*, Rb*, Mg-+, Ca*+, Sr^, Ba'*) as

guests. Binding was shown to give rise to hyperchromicshifts with the ions:
Mg**, Ca*% Sr"*\ Ba*+. No remarkable bathochromicor hypsochromicshifts
were detected (Table 4).

Startingwith the new heterocyclic crown ethers 10 and 11, the bisheteroleptic
Ru-complexes Ru(bpy>2(10)^* 12 and Ru(bpy)2(ll)*+ 13 and the tris-homolepiic
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Table 4. Absorption maximaand absorption coefficients for the heterocyclic crown ethers 1 and 11 in
the presence of meial ions.

Ion

/

Rb*

Mg'*
Ca-+
se*

I(nm) 10

263
270 (sh)
267
266
267
268

loge

2.18
3.01
199
3.00
3.00
2.90

X^, (nm) 11

289
272

283
286
286
283

logs

3.54
3.78
3.80
3.80
3.81
3.81

TabteS. UV-VIS, fluorescencedata, lifetimes and quenchingconstantsof the crown etfaer-rataenium
complexes 12, 13, 15 and 16 as well as the "referencecompounds'* 14 and 17.

Compound

12
13
14
15
16
17

* phosphatebuffer; pH=6.88.

Jw, MLCT (nm)

366.4, 481.4
379.5, 471.0

423.8,481.4
398.4,474.5 .

40Z2, 531.0 (w)
354.0,469.0

Ige

3.84, 4.07

3.78, 4.05
3.92, 4.3
4.27,4.12
3.49,3.29
4.12, 4J

luminescence
lifetime
T(ttS)

457
495
332*
1318
1527
822

298 K
X(nm)

641.2
646^
694.0
638.8
657.4
646.0

Table6. Quenching constants for the crownether-ruthenium complexes12, 13, 15 and 16 as well as

the "referencecompounds'*14 aad 17.

Compound
MV*"

fcqx
TEOA

12
13
14
15
16
17

4.96 (r-0.9999)
lL23*(r-0.9936)
0.88 (r-0-9998)

0.24 <r-0L9996)
L94* (r-0^982)
0.13 (r-0.9996)

0.52 (r- 0.980)
0.12 (r-0.990)
124(r-0.982)

c(sensitizers) 1 x 10~* mol/1

c(MV^3V^)-0-3Jx10"* mol/1
* calculated using the first three values measured
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16

\
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Figure 9. The structure of the crown ether-modifiednuhenium-trisbipyridinecomplexes12,13,15 and

16 as well as the "referencecompounds"14 ami 17.
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compounds Ru(10)+ 15 and Ru(ll)|^ 16 were then synthesized[26] (Figure
9).
These new crown ether-modified ruthenium polypyridines produced batho-

chromic shifts (compared to Ru^py)^)in both absorption and emission.
The relevant photophysical data are summarized in Tables 5 and 6.
The photochemicalbehavior of the bis-heteroleptic Ru complexes 12 and 13

possessing one crown ether-modifiedligand is very similar to that of the complex
14, which contains the ligand bis-methoxy-2^'-bipyridine-4,4'-dicarboxylate. The
large Stokes shifts can be explained by a lower *MLCT state in the case of an

ester-substituted 2^'-bipyridineligandandthe resulting distortion of the complex
geometry. It can be seen that the exchange of two methoxy functions for one

penta- or tetraethylenebis-ester function occurs without loss of valuable photo-
physical properties. No remarkable shifts were seen when alkali metal or alkaline
earth ions were used as guests.
Quenchingexperiments employing Ru complex 13 and the electron relay me-

thylviologen (MV^) under steady-state irradiation gave rise to a non-linear
Stern-Volmerplot This indicates an attraction between the crown etherfunction

Figure It. The result ofa force-field calculation (CHARMm, Polygen) ofa supramolecular assembly
using the crownether 11 in the bis-heteroleptic complex 13 is shown.The charges and the space de-
mand of the complex are calculatedbut not plotted. Only is the caseofthe heterocyclic crown ester 11

containing five ethyiene giycol units is the binding of the electron relay possible. (Chains containing
less than five ethyiene giycol units are too small.)
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5.000-
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Figure II. Stern-Vote plots usingdie crown ether-ruthenium complexes 12 ami 13 and the electron

relay metfaylviotogen. a) c(12)-10~* moi/I, c(MV^*)-0-2J0-I0" m̂ri/I; b) c(13)-10-* ol/l,
c(MV*-)-0-230-10"'

and the bis-cationic electronrelay, leading to a very rapid decrease in lunrines-

cence. With benzylviologen tMs effect is weaker because of enhanced steric de-

mand. In contrastto these results, Ru complex 12 containingboth relays shows

nearly linearStern-Volmerplots. The corresponding quenchingconstantsare re-

latively low. These effects indicate that Ru complex 12 cannot bind the relays
MV*"*" and BV**, a conclusion supported by molecular models and force field

calculations (see Fig. 10). The Stem-Volmerplots are shown in Figure 11.

No quenching of the excitedstates formethylviologen and benzylviologen was
observedwhenthe tris-homolepticcomplexes 15 and 15 and the "referencecom-

pound** 17 were used as sensitizers. These complexesundergo reductive electron-

transfer processes.Deactivationof the excitedstatesin 15 and 16 can be effected

by electrondonorslikeTEOA. For thetris-homolepticsensitizersa similarbehav-

ior is found for the absorption and emission properties, but the (reductive)
quenching is hindered in the presence of crown ether groups.
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Summary:

1) New routesto efficientsupramolecular sensitizershave been opened, result-

ing in Ru complexes with high or improvedstability to photoanation. Geometrical
parameters are decisivefor the efficientrealization of this concept.

2) A sensitizer-relay assembly has proven to be a powerful electron-transfer
system not only for the production of H2 but also methane.

3) Supramolecularcrown ether-ruthenium sensitizersshow interestingbinding
effects with respect to relays, suggestinga new approach to an efficient charge-
separation step in electrontransfer reactions.

Financial support from the BMFT is gratefully acknowledged,as is a Fonds
Stipendium (St. B.) and LGFG support (H. K.).
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Projektbeschreibunq:
Heben der photochemischanWassarspaltung*' ist auch die Photora-

duktlon von Kohlendloxid ala Teilschrittdar artlflslellanPhoto-

synthse von tändig steigendem Intresse.

Kohlendioxid ist wie Wasser für sichtbares Licht transparent. Um

Kohlendioxid photochemisch zu spalten 1st daher In Photoaensi-

billsator notwendig, der die eingestrahlteLichtenergieaufnimmt

und über ein komplexes nadoxBystem (Elektronenrelais, Donor)

letztlich die Kohlendioxidreduktionbewirkt^'.

Das PhotorBdoxsystem sollte zyklisch sein, damit all Komponenten

wieder in den Ausgangszustandzurückgeführt werden.
.

Heben Rutheniumkomplexeneignen sich auch nheniumcarbonylkomplexe

als Photosensibilisatoren^'.
Schema 1 zeigt einen photochemischen Reaktionszyklus auf der

Basis von Hufbpy^Clj " Ru(II) als Photosensibilisator, der nach

Anregung durch den Donor Trlethanolamin TEOA reduziert wird und
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in einem nachgeschaltetenthermischen Zyklus mit j

Co(Il) als Elektronenrelaiswieder oxldlart wird. Di Reduktion

von Kohlendioxid zu Kohlenmonoxidwird durch Co(I) bewirkte

CO,M

hi' 11

Heben Kohletimonoxid entsteht aus Hasser bei dieser Photoreduktion

auch Hasserstoff das Ausbeutevarhltnis co/H, kann durch Va-

riation von Komplexliganden (Synthesesiel) ugunsten von CO ver-

schoben werden.

Ein von Lehn^' vorgestelltes System der Photoreduktion von

Kohlendioxid verwendet Re(CO)jbpyCl Re(l) als Photosensibilisn-

tor. Heben Bpy 2,2'-Blpyridinsollen auch andere von uns dar-

gestellte tilgenden (insbesondere Biadiazinderivate)in den Korn-

plex eingebaut werdent

Re(CO)gCl + L "":; gg) RetCOljLCl mit L

2,9-Dimethyl-l,10-phnanfchrolin- 1; 3,3'-Bipyrldauin- 2

2,2'-Blpyrasin
'

2; 2,2'~Bipyrlmldin- l

4,5-Diaaafluoranon - g
Oie Liganden 2-5 wurden bereits von uns hergestellt. Zur Zeit

überprüfen wir verschiedenepublizierte Photoredoxsystemeum sie

dann bezüglich ihrer Rentabilität einzuschätzen und gegebenen-
falls verbessern su können.

1) V.Balzanl. L.Mogql, M-flanfrin, H-Gierla. Science, Hi 8S2

(1973).

2) tJ.Hawecker. J.M.Lehn. R.Ziessel. J. Chen, Soc, ehem.

Commun., 536 (1983).
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Pro^ektbeSchreibung:
Oie zur Zeit bekannten Systeme zur photochomlachenWannerapaltung

beinhalten einan Sensibilisator, der die Energie des eineatrahl-
ten Lichte zunächst aufnimmt und dann einen Elektronentransfer
mit tinam Elnl<trononreials eingeht) neben Kafcalynatorsn ule Pia-

tin und Rutheniumoxidan denen aich danach die eigentliche Uao-

serapaltung vollzieht. Der Reaktionauegmuß xykliaeh geführt

werden, um Senaibl11 antor und Elktronenrelals wieder in die

Aungangaform su bringen.^' Oie bisher bekannten Senaibiliaatoron

ueiaen unzureichendeQuanfconauabeuten und zu geringe Stabilitäten

auf. Ea Ist daher notwendig neue Verbindungenzu synthetisieren
und auf ihre Tauglichkeit als Sonalbiliaator *u unterauehsn.

In den letzten Jahren beschäftigten ich wettweit eine Reihe won

Arbeitskreisen mit dieser Problematik und stellten neue Sen-

aibilisatoren vor. Eine Verbesserung konnte jedoch nur in TeiIbe-

reichen erzielt uerdeni so daß die weiterführenden Forschungaal
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bei ten sich damit befassen müssen Teilerfolge in einer Verbindung

zu vereinen. Schwerpunktestet ten die Vergrößerung des Aboorp-

tionabereiches, Optimierung des Redoxpotential es und die Verbes-
rung der Stabil{tut dar.

Im latsen Jahr wurden unter diesen Gesichtspunkten in unserem

Arbeitskreis fotoende Verbindungensynthetisiert!

X a> - i)

V a), b), d), f). 9), t>

a) PPB f) PPBpOCM,
b> PPBpBr g) PPBpCHg
c) PPBpCI h) PPF

d) PPBpCN i) PP

e) PPBpF '

1) K. KaIyanaaundaram.M. Grütze!. Angew. Chem., i, (1979) 739.

2) a) ttt-DüCE P- Darr. K. Zenaerle. B. Rela. AM. Braun. Chlmta,
32, (1983) 243.
b) H. Dürr. 0. Oflrr. Kt Zengerje, J.M. Curched. A.M. Braun. Hei.

Chim. Akta, . (1983) 2632.

c) H. Dürr. 0. Oorr. K. Zenoerle. E. Meyer. J.H. Curehod. A.M.

Braun. Nouu. J. Chimie, 2, (1983).
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Die photochetnisehHasserspaltungist zur Enargleorssaugung
nur dann lnteresannt, wenn gleichzeitig Wasserstoff und

Sauerstoff produziert werden. Bisher war der Zweig der Was-

BerstoffentwicklungGegenstand intensiver Forschung.
Photosensibllisntoren.diein der Regel Rutheniumkoraplexe des

Typs RufcjClj (L-Ligand mit Ferroinstruktur) sind,
absorbieren dia eingestrahlte Energie und treten in einen

komplizierten Redoxprozeß ein, an dessen Ende die

Wasserstoffentwicklung steht. Um diesen Prozeß zyklisch zu'

gestallten, arbeitete man bislang in sogenannten
sakrifiziellenSystemen. Dabei überträgt der Sensibilisator

Elektronen auf die Protonen (Hj-Entwicklung) und wird in

einem anschließendenReduktionsschrittvon einem lrreversi-

bei oxidlerten Elektronendonatorreduziert.

Sacrifizielle Systeme sind wirtschaftlichuninteressant, da
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teuere Elektronendonatoreneingesetzt werden.

Deshalb wird zunehmend die Oxidation des im Hasser gebunden-
n Sauerstoffe sur Schließung de Zyklus diskutiert.

Der Sauerstoff des Hassers soll an geeigneten Katalysatorma-

terialien den Elektronentransferzum Sensibilisatorvollzieh-

en. Das nachfolgende Schema zeigt dan angestrebtenvollsten-

digen Zyklus:

("),

(bpy),
Ein in der Literatur ( ) beschriebener Katalysator ist das

nuOj. Lahn konnte mit dieser Substanz schon eine

Sauerstoffentwlcklungdurchfuhren.

Steigendes Interesse gewinnen homogene Katalysatorenauf der

Basis- zweikernigernutheniumkomplexevom Typ RUjl,!,'^.
Photosensibilleatoren mit unterschiedlichenLiganden werden

im sakrlfizlellenSystem schon seit einiger Zeit in unserer

Arbeitsgruppe untersucht. Sie sollen nun mit RuOj-
Katalysatoren auch auf ihre Verwendbarkeit im vollzyklischen

System getestet werden. Mit der Synthese zweikerniger

Rutheniumkomplexe als Katalysatoren zur Oj-Entwlcklung ist

bereits begonnen worden.

Literaturt

(1) M.Grätzel, J.MoLendon, J.Phys.chem., j$, (1983), 944

(2) H.Drr, A.M.Braun, G.Dörr, B.Reis, K.Zengerle, Chimia H,

(1983), 345

(3) CT.M.Lehn, R.Ziessel, Proc.Nat.Acad.8ci. USA, 21(1982), 707
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beconfirmedbyemergenceof the u.v. absorptionpeakat 243run in the CHtCU layer. Moreover. Pt can be .se/ecnVe/yextracted at pH 3 from a mixture of Pt", Cu", and Ni"usingour system (see Run 12 in Table 1). This is due to the morefavourable deprotonation of amide nitrogens in formingfPt"L] than in forming other metaWioxocydamcomplexeswhere the deprotonation pH*sare observed to be higher: Cu",pH56;xNi,pH9.It is shown in Run 13, Table 1, that thePt" ion is transferred from the aqueous solution of Pt"-glycylglycylglycine (prepared bythe method ofMargerum*)tothe CH3Q2solution containingdioxocydam (lb). The Pt"-macrocyclic complex (2) should be thermodynamically morestable than the Pt'Minear-glycylglycylgiycinecomplex. Thismay suggest that the macrocydicHgands(1) are potentiallyuseful as a drug for excretionof Pt" which is accumulated inthe bodyas Pt"-peptide complexes. Platinum(n) compiexedwith a ten fold excess of adenine, guaaine, thymine, orcytosine can also be extracted(more than 50%) with (Ib) atpH 7, indicatingthat nucleic add-boand Pt can beremovedby our method. Finally, it is to be noted that the lipophiliccyclam[(lb)-analogue with reduced amides} is ineffective forselective extractionof Pt".
Theefficiencyand selectivityof(1) forPt" also demonstrate

J. CHEM. SOC., CHEM.COMMUN.. 1986
the potential usefulness of maerocydk oxopolyamines inanalytical and mineraiogicaJ applications.
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PhotoinducedCarbon Dioxide RxationformingMalic and Isocitric AddftamarWfflner,*DanielMandler, and AzaliaRikJinDepamnenrofOre^an/c Cfterrastry, 77 Wensw LkwersÄyof"/en/saien7,Jerus^em S7SO4,
PhotoinducedCOrfixationinto organic substrates is accomplished via enzyme-catalysedreactions.
Carbon dioxide fixation into the formoforganiccompoundsisa major challenge of chemistry. Of particular interest isvisible-light induced CO? fixation as a meansofmimickingnatural photosynthesis. PhotosensitizedNADPHrgnra-tion cycles can be utilized in CO2 fixation to form malic andisodtric add. PhotosensitizedCOrfixarion into organiccom-pounds such as formic and oxalic acid has been reportedrecently. In these reports semiconductors^*orhomogeneouscatalysts?-* mediate OO2 reduction. The specificity andefficiency of these processes is limited. The photoinducedfixation of COj to formic add has also bees reported usingasemiconductor-enzymecatalysedsystem.^ We haw recentlyreported* on the enzyme catalysedphotosensitizedrgnra'tion of NADPH. In this system photogenerated methylviol-ogen radical, MV-+, mediates the reduction of NADP* toNADPH in the presence of ferredoxin-NADP* rednctase(E.C. 1.18.1.2).
Herewe report successful CO; fixation forming mai:add(I) and isocitrie acid (2), using NADPHdependentenzymescoupled to the photosensitizedNADPHrgnrationsystem.The system for malic add formation is composed of anaqueous solution (4aml; Tris buffer, 0.2m; pH 8.0) thatindudes trisbipyridraerathenium,Rs(bpy)3-+ (2.1 x 10-*m)as sensirizer, methyl vioiogen, MV*+ (1.9 x 10~*m), asprimary electron acceptor, NADP+ (1.8 x 10"* m),(9.5 x 10-5 M), NaHCO, (0.2 m), pyravicadd(4.7 x Iandthe electron donor rnercaptoethanol(1.9 x 10^

concentration). Two enzymes are induded in toe system:feidoxm-^ADP* redactase (FDR, E.C 1.18.1^, 0.2Units) and the mafic enzyme (E.C 1.1.1.40, 1J3 Units).Illumination of this system (X > 400nm) ander s CO?atmosphere (1.01 atm) results is the formation of malic add(I)-
The rate of malicacid formation as a function of illumina-tion time was followed by h.p.l.c. [Figare I(A)}. In theabsence of malic enzyme no malic acid was formed andNADPH accumulated in the system as a photoproduct.Introductionof aie mafic enzyme resulted in the disappear-ance ofNADPHand formation of (I).In view of our previous observations,* we suggest theschematic cycle outlined in Figure 2 as the multi-stepprocessleading to the formation of malic add. The primary photo-chemical process involves the photosensitizedredaction ofMV** by the electron donor using Rn(bpy)32* as sensitizer.The characterization of the photosensitized reduction ofviologens by various sensitizers such as Ru(bpy)^* orZn-porphyrins has been established in numerous studies.'-'"The subsequent reaction involves the enzyme catalysedredactionofNADP*byMVto formNADPH. NADP*canbe reduced by two alternative routes:" a single-electron-transfer reduction ("> - 0.85V is. normal hydrogen dec-trode, N.H.E.) that leads to NAD* which can undergodimerizationto a biologically inactive reductionproduct,"-'-or hydride reduction to form the biologically active NADPH
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Tabl 1. Turnover numbers ofcomponents involved in the CO, fixation processes.

Viatic acid
soatric acid

1074
272

MV*'
117
23

NADP-
62^:
11.4

FDR
2.3 x 10*
2.5x105

Mauc
enzyme*
7.4 x 10*

ICDH*

5.5 x JO

S,
Converstoo

24
4.6

, .tf, - 40000; cf.: M. Shin. AtfAo*r Stiymoi, 1971. 23. 441. ,W, - 280000; cf.: R. Y. Hsu and H. A. Lardy, /.
Ot<rm.. 1967, 242, 52). = ,W, - 58000; tf.: R. F. Colman, 7. Sutf. Ore.. 1968. 243. 2454.
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Rgure 1. Rate of CO; fixationas a foncrjOB ofilluminationtime. (A)
Pyravic add: a. addition of mercaptoethanol(Z2 x 10--m); b,
addition of mercapcocthafloi (2.7 x 10-* m); (B) oxoglutaric a*fc c
and d addition of DTT(5 x 10-Jm).

( - 0.32V vj. N.H.E.). Previous studies have indicated
that hydride compounds such as NaBH*" or bydiido-Rh
complexes"-** are capabie of reducing NADP* m NADPH
via die second route. Other reports havesfaown'*-** diat the
enzyme FDR catalyses the reduction of NADP*by MV-"\
Since MV-+ is thermodynanöcally onabte to reduce NADP*
to its radical (2? - 0.44V w. N.H.E.), we prsume that the
process is accomplished via a hydride intermediateformedat
the active site of the enzyme.The photoproduced NADPH
mediates the fixation of CO; into pyravic addforming malic
add in the presence of the malic enzyme, and NADP+ is
recycled for the photochemical reaction.
Thener reaction accomplished in this systemcorresponds to

CO2 fixation into pyravic add using mercaptoethanoi as
electron donor (equation 1). The thennodynamicbalance of
this reaction showsdrat it is endoenergic by ca. 11.5 local per
mole of mercaptoethanol consumed (1 cal 4.184J).
The system for die photogeneration of isodmc add (2) is

composed ofan aqueous solution (4.2 mi; Tris buffer, 0.2 m;
pH 7.2) that mcmdes Ru(bpy)r* (1-4 x 10-* m), NaHCOj
(0.17 m), oxoghHaric acid (4.15 x IO-^m), D,L-dithiothreitoi
(DTT, 8.3 x 10-5m initial coacentraoon) as electron donor.
and tbe two enzymes ferredoxia-NADP* redtKiase (FDR,
E.C. 1.18.1.2, 0.2 UniB) and isocitrate dehydrogenase
(ICDH, E.C. 1.1.1.42,0.47Units unmobtfedonPAN^.

Illuminationof this system (X > 420nm) under an atmos-

phere of COj (1.08 arm) results in the fixation of CO, into
oxogiutaricacid and formation ofisodmcadd(2). Therate of
isocitrateformationas a function of illumination time is shown
in Figure 1(B).

Control experiments reveal that ail components are

required in the system. Thesequence of reactions that lead to
the formation of isodmcadd are summarizedin Figure 2 and
involve the utilization of photogenerated NADPH in the
fixation of COi into oxogiutaricacid in die presence of
isodtrae dehydrogenase. The net reaction forming (2)
corresponds to äie Üght-induced fixation of CO? into oxoglu-
taric add using o.L-dttfaJothreiroi(DTT) as ekcrroa donor
(equation 2). The thermodvnamicbalance of this process is
approximately zero. ( (DTT) -0.3V w. N.H.E.]

*CÜ2

CO*
OH

I i
HOjCCHzCCCOjH

I
HO2C

Fgnre 2. Cyd: scheme for the phoioinducedregeneration of KADPH
b. malicenzyme; c. isocitrate dehydrogenase.

Sxatk into kern a. FerredoxiB-#ADP- reductase:
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Accumulation of NADPH results in substantial decomposi-
on of this ingredient.

In conclusion, we have accomplished the enzyme catalysed
fixation of COi into organicsubstrates using the photosensi-

(l) zed NADPH regenerationcyde. One of these processes is
endoenergjc and represents a process that converts lieht
energy into chemical potential.
We thank the Belfer Center for Energy Research for

support.
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SH SH

CH2 + CO2 + ( >

I HO OH

C2)

HCOH
!

H-C-COj"
,
CO2-

(2)

HO OH

The stability of the different components involved in the
formation of (1) and (2) was examined and the turnover

numbeisof the different componentsare summarizedinTable
1. These data correspond to24% conversion of pyruvic acid
into (1) and 4.6%conversion of oxoglutaricadd into (2).

Itshouldbenotedthatinthetwoprocessesthe efficiency of
NADPH production must be tuned to a towlevel since äie
CO2 fixation reactions an toe rate determining
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Recognitionof -die f/ineoand erythro Isomersof 1-C-SubstitutedGlyceroist
H SayedH. aAshry*

rfa ümvers/ry,

A method tor the differentiationof the fhreo and erythro isomers of 1-C-substitutedglycerols hasbeendeveloped,
basedon the diffrence in the chemical shift (A) betweenthe proton resonancesof the two methyl groupsofthe
corresponding isopropyiidenesas a criterionof the location of the isopropylidene groupon a potyol residue, as well

asthe regioselecttve formation of the isopropyiidenes.

Amethodhas been developedto recognisethe configuration
of hydroxy groups, whether Are or enrtfen, in 1-C-

t Forpan 1 in the series "Acetate," see ref. 1.

$ Address dunng 198687: Chemistry Department. Faculty of
AppliedSciences and Engineering, Umm Alquara Universiry,Mak-
kah, P.O. 3711, Saudi Arabia.

substituted giycerols which may form a part of acyclic sogar
derivatives or acyclic nudeosides. The method was based on
(i) the differencein the chemical shift (AS) between the >H
n.m.r. signate for two methyl groups of an isopropyitdene
group, which has beenfound to be a criterion for its location
on a poiyol residue, and (ii) the regioselectivity of the

isopropytidenation'' under thermodynamkcontrolof van-
ous 1-C-SHbstinited giyceroJs.
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R'

6

(1)

OCOR

(*)

R'
CHjCr"

OCQR

(A)

t, 5~citcf(tol rvoction

mmol),(2) were obtained in good yields. On the other hanc
the direct conversionof(1) into (3) could be realized when ih,
reductionwas performedin the presence of a Lewis acid, itn
method for preparation of (2) being modified by addition o

Et^O-BFj (1.25 mmoi) to the reducing reagent.
Since similar conversions could not be accomplished wnl-

other usual reducing reagents (Mg, Zn, Ai), the presen
methodology therefore constitutes a good route to ih
unmasked (2) and a new access to (3) from the readih
available benzylic bromides (Ip and an inexpensive Cr*
sait.
We thank the Agence Nationale de Valorisation de U

Recherchefor financiai support.
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.CHjCOR

OCrra

RMe,R'H

H
RPh,R'3-OCOPh
RMe,R'-4-a

% Yield [from (1)]
(2)
65
85
65
2tt
80
82

93
96
80
80
85
92

b;
c;
d;
e;
f;

Scheme 1. Aeayeno: i, 2 CrO* iL H-^>; in, (1); iv, RJ3, NK.O;
v, AcOH-HCLheat; -HjO;vi, E^O-BFj, heat, -HOCr.
Unavoidable losses of (2), especially (2d), occurred during iso-

lation-purificaticm,byconversion into (3) insolution and evenin the
dry state but trwich ibo$c slowly.
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Photodecomposition of FormicAcid by Cadmium Sulphide Semiconductor Particles

ttamarWillner* and Zafrir Goren
DepartmentofOrs^amr Cftem/soy, The Hrörew t/mVers/ry ofJenisafem,Jert/ss/em 9JS04,

CdS semiconductor particlesinducethe photodecompositionof formate; photogeneratedCd metal acts as an H2
evolutioncatalyst

Formicadd is formedbycertain plants andcan be obtained by
alkaline hydrolysisofglucose. It is consideredtobeavaluable

hydrogen carrier,' and various hydrognationprocesseshave
utilized ds product as hydrogendonor.* Thedecomposition
offormic acid[equation (1)] is exoenergic byAC" ca. -38J
kJ mol- and is accomplished by the use of Pd-carbon

cataiysts.* The photo-Kolbe reaction has been induced t>\

various platinized semicondunor parades.-*-* Recently, the

photodecomposition offormic acid to hydrogenand CO; h*
been reported using a homogeneous porphyrm photosen>i-
tizer.* Herewereportonthe photocatalyseddecomposinonot

formic acid byCdS semiconductor parades.
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Figure 1. Photodecomposinon of formic acid by OIS: Hj evolution
s a function of illumination rime at pH 6.4:' (a) HCCK-, H,O;
;&) DCO,-, HO

HCOjH-H, (1)

Thesystemis composedofanaqueous suspension (pH6.4)
ta includes CdS powder (20 mg) aad potassium formate
(0.5 m).niuminanonofthe deaerated system with visiblelight,
i. > 400 nm, results in the decompositionofformate to Hi and
CO7. The rate of H? evolution as a function of illumination
time is displayedin Figure l.t Recently, weapplied'Pt-coated
CdS particles for the photodecomposinon of H2S. We have
shown that 'In 5u' photogeneratedH2 can be utilized lor

hydrognationof ethylene or acetylenewith eliminationof Hi
evolution. Introduction ofPt-CdSparticles" in}the formate
system results upon illumination in H? evolution with effi-
aency similar to that obtained with unplatinizedCdS par-
actes. Thus, 00 Pt catalyst is needed for the photodecom-
position of formate with CdS particles. When acetylene is
introduced as die gaseous atmosphere in the presence of
Pt-CdS particles, the major product is H? and only Graces of
"hylene are obtained. These results imply thatthe hydrogen-
won process is inhibitedin the presence of formate and that
ru'Hi is scarcelyformedon die Pt catalyst.
To account for the photodecomposinonof formate byCdS

semiconductor parades we haveperformedthe reaction using
ÖCCk-K* as substrate in H^O. We find that the major
product (> 90%) is Hj. The rate of Hi-evolution asing
rH]formateas substrate is shown in Figure l(b). It can be
* that the rate ofHz volution is substantially decreased

" H. analysiswasperformed by gas chromatographyusingan M.S.5
3*tan. with argon s Carrie gas at 30 *C.
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= 5.1). These results allow us to conclude that the
oxidation of formate by the semiconductor photogenerated
holes[equation(2)] is the rate limiting process in Hrevoiuoon
[quation (3)j. Furthermore, the results show that the source
of the evolved Ek is water rather than the formate-linked
hydrogen.

h- + HCO2-

H-- + e-

- 4- H+ (2)

(3)

Recentstudies have shown that the photo-decarborylaüon
ofacetic acidwithsemiconductor pamdescanproceed bytwo
alternative mechanisms,dependingonthepH or the aqueous
medium: (i) homolytic decarboxylanorr that yields methane,
ethane, and CCs; (H) oxidativedecarboxylarion,'that yields
methanol and CCh. Since Hi is the major product with
DCO7- as substrate, the oxidative pathway outlined in

equation (2) is supported.
Finally, the fact that Pt does not affect toe Hz evolution

yield and the lack of hydrognationproducts in the presence
of acetylene, are attributed to the 'in 5u' formation ofCd
metal in the photodecomposition of formate. Toe oxidized
product, CQ>, is a powerful redoctant {" <L97 V)?
capable of reducing CdS [equation (4)]. Indeed, upon
iUuminarionof CdSinthe presence offormate,theyellow CdS
powderadopts agrey tint suggestingthat the powderiscoated
by Cd metal. Uns Cd metal offers an effective catalyst for
Hj-evohmon,^ thoughthe catalysedhydrognationis eumi-
sated.

CdS + 2CO2-Cd + S2- + 2CCK (4)

In conclcsion, we havedemonstrated that CdSs idu

pamdes induce die photodecomposinonof formate
without added catalyst, and mat photogenerated Cd metal
offers a catalytic sits for H2 volution. Applicationof other
semiconductor particles for photodecomposition of formate
and other hydrogen donors is under wayin our laboratory.
This research was supported by the Israel Research and

Development Council and by rite Kernforschung Stiftung
Jueiich, Germany.
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Photosensitized Electron-Transfer Reactionsin -CycIodextrinAqueous Media: Effects on Dissociationof Ground-State
Complexes, Charge Separation, and H? Evolution
Eti Adar, Yinon Degani, Zafrir Goren,and Itainar Willner'

rAe ite/wrr/newo/Organic CAemtrpanrf TAe Friir fraer Center^bTA Je/wt/wccmry o//eraja/em, Jeruxa/m 9/904 //

Abstract: Zinc(II) flMö-tetraias[H3^ilftmau^t^}-*i3yridiiK>]porphyrin.ZnTPSPyP (2), forms aground statecomplexwith anthraquinone-2-suIfonate. AQS^" (I). The formation of the complex results in internal static quenchingof the excitedSsuteofthesensitiararaireconsbimtkwofthepiwwproihKAinthecigestraure. In the presence of-cyck>dextrin O-CD),the complex is separated due to selective associationofACS" to the receptor cavity. This process leadsto the effective decayof excited ZnTPSPyPto the T state that undergoes diffusionalquenching by i-CD-bound AQS". The electron-transferphotoproducts are stabilized againstback-eJectraa-tramferreaction andAQHS"caa beacewnuhteduiKlercontiiHioosfflHmtBaDonin the presence ofcysteine as the electron donor. Photoredtictionof iV,JVMJocryM,4MHpyridiniuin, QV**, withRu(bpy)j*+as the sensitizer and Na,EDTA as the donor leads to the formation of a dimeraggregate (C,V*-)j. The aggregate is inactivein H, evolution. lathepresence of-CD. the aggregate formation is prevented due to thesdective association ofCtV*~ monomerto the cyciodextrin cavity. Highquantum yields for Hj evolution in the presence of a Pt-colloid are observed with 0-CD. $= 4X10"-- Flash photolysisstudies reveal that the associationofC,V- to the ff-CP stabilizes the intermediatephotoproriuctsagainst back-electron-transferreactions.

Photosensitizedelectron-transfer reactions are ofsubstantialinterest as a means of solar energy conversion and storage.'"*Serious efforts have been devoted in studying photoinducedelectron-transfer reactions in organizedmicToenvironmentssuch
as miceües,*"*charged colloids," microemnlsions,**'" and mi-
des.'* With these organizedsystems,control ofthe paotosen-sitizedelectron-transferprocesses has been accomplished. Namely,the quenchingprocess couldbe improved,charge separation has
been facilitated,and the stabilization of photoproductsagainstbacJc-eiectron-transfer reactions has been accomplished. Cydo-dextrins (CD) are cyclic poiysugarscomposedof glucose sailslinked by I^te-glycosidcbonds.'"' The cyclic structure forms
a hydrophobic cavity capable of associating organicsubstrates.''*
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Application of cydodextrins as an organizing microenvironmaain pboKschankal reactions sas been ininated recently and reseakdselectivityis products distribution.'*-'* In principle, one couldapply the association properties ofcydodextrins for comroilingthe recombination process between photoproducts by toe selective
binding of one of the electron-transfer products.

Here wewish to reportonthe effects of0-CBonphotosensitizedelectron-transferreactionsin aqmwwmedia. Wefind that in the
presence of -CD, the photosensitized reduction of anthra-
quinone-2-suifonate, AQS" (1) using die neutral zinc porphyria.
ZnTPSPyP (2), and cysteine as the electron donor is possible.Without CD the process is preventeddue to the formationofa

ground betweenthe sensitizer and the anthraquinone
p

photoproducts. Also, wereport on the photosensitized reduction
ofjV.AT-iiwayM^-bipyridfoium(oetylwiok^en),C,V*+(3>. sin?
rutheniam(II)tris(b^rkßne),Rn(bpy)j**\as the sensiti/t-r m
the presence and absenceof -CD. Without cyctodextrtn. P''^"
toreduction ofCV** yields a dimer aggregateof the dd

(15> (a) <McoBa Y^ Oft.Y- Yonenriwa, O. /. O.Ac?
Ownmtat-1984.1638-1639. (b) SSdnev. G. C: Hauptman.P. J.; Turro. >
J. PfcKoc.Mateterf. 1984. . 597-401.

{16) Kano,ICTakenortBta.t;Ogawa. T. ^ter. ftv./tm. <>-**1982. /Jtf. 1833-1838.
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QV~\ Thisaggregateis inactive in subsequentHj
,oiutn. In the presence of#-CD.the formation ofthe aggregate
j -relented due to the association of QV*" monomer to the CD
j'ic> . Consequently, subsequent effective Hj evolution in the
.^jv." of a Pt catalyst is possible. Thestudies reveal that the
\cioc- -s stabilizeeffectivelythe intermediate photoptoducts,\fjscc the different reactions,against back-electron-transfer
-action.

Experimental Section

Absorption spectra were recorded with a Uviicon-320 (Kontron)
^trophotometerequipped nth a \J-80 computer (Kontron) for spectra
j^sinulalionand manipulation. Fluorescence spectra were recorded
in a SEM-25 spectrophatometer (Kontron). Flash photolysis cxperi-
jests ere performed with a DL200(Moiectron) dye laser pumped by
, t'V-Il-" (Molcctron) nitrogen User. Flashes were recorded on Bio-
oiuon SICK), asd puise collection was performed with a Nicotet-1170.
Sted>->;-te illuminations were performed with a 100O-W haiogenquartz

L:ght was filtered through a 400-nm cut-off filter. Photon fluxp
ii determined by Reinecice satt aeönometry'' to be 2 x HT* ein-
^caa-L"'-mm"'. Hydrogen analysis was peribrmed with a Hewlett-
Pxdord 427 gas chromatograp. 5-. moiecaiar sieve column.

^ (2)
sly." AW'-Dioctyi-4,4'-bipyridiniurnprepared asdescribed p

{3}
p

ibromide {3} was prepared by refluxing 4,4'-bipyridine with a 6-foid
ocas of octyl bromide in dimethy Iformamide. To the cool solution,
icetone was added and the precipitate was washedseveral times with
icetoae. At! compounds gave satisfactory elementary analysis.

For steady-state illumination. photoredacaon ofAQS~was performed
aasystem composed ofaaaqueous 0J32 M phosphate buffer. pH Ä. that
iaduoeti the sensitizer ZnTPSPyP.7 X 10"* M. teelectron acceptor,
AQS\3.0x ICT* M.ami the dectron donorL-cysteine, iOx MT*M.
?botoreduction ofCV**" was performed in an aqueous system composed
oi a phosphate buffer. pH 5-5. that induded rutnenium(II) tris(bi-
pvhdine). Ru(bpy),=*. 5.5 X 10"* M. as the sensirizer. octyivioJogen
C,V>. 5 x IGT* M.as the electron acceptor, sad disodirctBytenedi-
umnetetraaceticacid.Na^EDTA. 1.0 X iCT' M.as the electron donor.
J-C>clodextrin(Aldrich) was dissolvedis the different systems at thespecifiedconcentrations. For H, evolutiona Pt colloid (!2 mg-L~*) was
atrcduced into the system. The Pt colloid was preparedbythe citrate
-eduction method (parade sa ~ (0 A)."-^" The Pt colloids were
calyrcd before ose. Samples (3 mL) of the aqueous solutions of the
systems re transferredinto J x I cm Pyrex glass cuvettes equipped
iia a vaive and serum stopper. Samples were deaerated by i
ccuation followed by flushing with oxygen-free argon. The samples
re illuminatedwith a 1000-W haiogenquartz lamp, and the formation
of products was followed spectroscopically. AQSH"" formation was

"' at X - 384 ( 12000 IT en"*). QV*-was followedM X=
; 138O0M"'cm"'). andthedimer(C,V*-)3wasfoUowedatX

*6 nm ( 200 NT* cm"*). Fluorescencemeasurements were per-formed in aqueous 0.02 M phosphate buffer samples (3 mL) that in-
ckded the sensinzer. ZaTPS>yP. 5 x lfr* M. and the decay offlorescence upon addition of AQS*was measured at X 622 am.

Qwte^ofthe trip!"SiTPSyPfey AQS"msfollowedby its decay
A = "90 nm (excitation at X 448 nm). Charge separation awl

'Combination of ZnTPSPyP*was followedat X 680nm. Quenchrngof -RuCbpy),-* by C,V^* was followed by steady-staw fluorescence
<*unching (X = 602 nm). Charge separationrf QV"and te recom-
^nationwith Ru(bpy)j^* was measured by following the formationand
y, H,evolution
followed by injection of 300 jtL of the gaseous atmosphre of the

fc i ösie interval <^hik
Results and Discussion

Photosensitized ReductionofAnthraqtriiMHie-2-5iiifoaatein the****s*ce rf /3-CD. Ziac(S) mea>-eakis[l-(3-iiU"onato-
Pt^n-|)-4.pyridirK}porpfcyTiH. ZaTPSPyP (1), is an aqueoussoluble neutral metailoporphyrin. Its pbotophysical properties^*e been previously characterized.^^ It exhibitsa fluorescence

(17) Wegner. E. cl;Adamsos. A. W./.-<m.C&m.Sbc.Ö,M.394.(U> (a) Willner. {4 Degani. Y. /. C&ent. 5bc, Om.Ommui.1982.i-^9-135, (*) Degani. Y4 Wttoer. L /. rtk^ CSe.W. 9, 5S_<19) Furlong. D. A.: Uunikonis. A4 Sasse. H. F4 Waifgang. H. F. /."*. Sbc_ /Imirfay rrBB. / I4. J. S71-S88.
?S AifcKB

4OO 450 00 5S3 500 650

figare 1. Absorption spectra (top)ami differentiai absorption spectra
(bottom) ofZaTPSPyP(7 x HT t0 obtained after aMtJMiofAC^l
(a) addedAQS";(h) CAQS1 - 2 x 10-* M; (c) {AQS1 4 X lfH
M; (d> [A<^1 - 6 X 1T* M.

$22 ma aad a short-lived singletstate (r ~ 10
rfergoes effectivecrossing to a long-lived triplet

czmsstoii 2t X
xiO"s)tbat
state (r = 0.5 ms. <p = 0.9). Addition of anthraquinone-2-
stilfonate, AQS" (1), toaa aqueous soiution of ZnTPSPyP, 5 x
10~* M, results in siihsramialchangesia the absorption spectrum

specmim (Figure 1), the Soret absorptioa bandof2 isshifted fen
X = 439 to 444nmin the presence ofAQS*. The effects ofadded
AQS" on the emission ofZaTPSPyPare siwwn in Figure 2. It
can be sees that the fluorescence emission is totally quenched at
AQS-J = 5.0 X HT* M. Las- flash studies reveal thatander
these conditions the singlet excited state is totally queacfaedand
bo formationof the Tsois observed.

These results are attributed tothe formationof a ground-state
complex between ZnTPSPyP and AQS" (eq 1), where the S state
is being quenched in the complex structure. From the changes
in tie absorption spectrumof ZaTPSPyPuponaddition ofAQS",
tfae association constant of the cotnpi[ZnTPSPyP-AQS"}, eq
2, is estimatedto fee JST, 4J5UJX H)*M->. Farüwnnore,

ZnTPSPyP+ AQS* ==bfZaTPSPyP-AQS-] (1)

Tt = [ZaTP^yP-AQS-}/[ZnTPSPyPHAQS-l (2)
assuming that the metailoporphyrin does sot emit, then the
fluorescence intensity is proportional tothe concentration offree
porphyrin. This allows us to determinethe concentrarion of free
and bound metailoporphyrin at each concentration of AOS".
Wfcea das method is used, the associationconstant ofti compta
is estimatedto be, => 4.5 1 x 10* M"',a value that is in good
agreement to the value obtained by the changes in the absorption
spectrum.

It weit established'* that cydodextrinsbindaromatic com-
pounds into the hydropbobiccavity of the CD. Indeed, addition
of /3-CD to aa aqueous soiution ZaTPSPyPand AQS", under
conditions where the metalloparphyrin is in the complex structure,
restoresÜ emission properties ofZaTPSPyP{Figure2). This

'-' '
>< 55.

.M. P. S.; Hayon. E. J. /Aja. CÄen. 1973. 77. 2274-227S.

(22) Hamann.AiPorter. G4Rktoax. M.C /.
Tmio; 219.^. 1955-1570.

(Z3) Houiding,V. L; Kaiyanasuodaram.iC; Oraoel.Nt; MBgrem.L. R.
/. rj. C*. 83.7. 3ITS-179.
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Figure 2. Fluorescence spectra erf ZnTPSPyP (5 x Iff* M) upon ad-
dilkm of AQS": (a) no added AQ5"; (b) {AQS"] 2 x Iff* M; (c)
[AQS-1 = 4 x iff* M; (d) [AQS1 - 8 x iff* M; (e) [AQSI * 8 x
Iff* M and [/S-CD] Ixiff^M.

implies that upon addition of 0-CDthecomplex ofthe two com-

ponents is separatedby theselective association of AQS" to the
CD cavity (eq 3). Therestoration of the emission properties of
thezhporphyrinis thepresence of0-CD allows one to determine
the association constantof AQS" to -CD(eq 3 and 4). Since

AQS-+ 0-CD === AQS--0-CD (3)
*, = [AQS--^O)I/[AQS-J[iW3>] (4)

the fluorescoKintensityis cnlydae to free porphyrin ZnTPSPyP,
the concentrationof free quinone and jS-CD-bound AQS~can be
derived fromeq 2a and 5, where [AQS"]f and [AQSfocorrespond
to the free and total concentrationof the quinone. When this
analysis is used, thederived association constant ofAQS" to 0-CD
is AT 3 0.5 X 10 ^

[AQS-], r,[ZaTPSPyP]/[ZaTPSPyP-AQS-J(2a)
[AQS"-0-CDI * {AQS-]fl- [AQS-]f- JZaTPSPyP-AQSl

(5)
The separatumof the complex structure between the metal-

loporphyrin and AQS" by -CD allows the accumulation of
electron-transfer products upon illumination. Irradiation ofan
aqueous solution (X> 400 nm) that includes ZnTPSPyP(7.0 x
10-* M), AQS" (3.0 X 10-* M), aad cysteiBe (0 Xl(^M)as
tlic cisctron idonor docsnotyield aiiy pfaotofirodiicts is the absence
of 0-CD. In tara, in the presence of /W3>, 1 X 1Q-* M. the
reduced hydroquinone radical, AQHS"* is formeduponiHumi-
nation, US X 10"*. Exclusion of cysteine fromthe com-
position that includes 0-CD prohibits the formationofAQHS"*
upon illumination. Tbkimplies that cysteine acts as the dectron
donor in the photosensitized reductionof AQS".
Thefunctions of0-CD in the photosensitized reduction ofAQS"

have been elucidated by means of laser flash photolysis.
The sensitizer, ZnTPSPyP*, decays upon excitation to the

long-lived T state (r = 0ims,#=0.9). Additionof AQS" (I)
results in a decrease in the T state yield, and at a [AQS"]* 4
X lCT*, the T-state yieUcorrespondsto 0-5 of the value obtained
in the absence ofAQS". This is m accordancewithour previous
results that indicated the formation of the complex
ZnTPSPyPAQS",where the excited sensitizer is quenched in
theS stase. This intramolecular quenching prohibitsthe formation
of the long-lived triplet state. Addition of3-CD to the solution
ofZnTPSPyPandAQS*restores the effective formationofthe
T state and shorteningoftheT stattlifetime. This resultimplies
that a different quenching mechanism occurs where the
ZnTPSPyP T state is quenched byAQS" (eq 6). The quenching
rate constant corresponds to , 3.3 X 10* M"* s~*. This
quenchingprocessleads to separatedelectron-transfer products

Figure 3. Absorption spectra of lite photoreduced product of C,V-* k.
x Iff"' M) in the presence ofRu(bpy),*\1.0 x ICT* M. ami Na,EDTv
1.0 x iff-' M: (a) in theabsence of5-CD: (b) in the presence of a<tj
1.0 x iff* M.

(eq 6) that recombiae (eq 7) with a bimolecularrecombinaik
rate constant of & = 2.5 X 10' M"' s~'. Comparison of the

ZnTPSPyP(T) + AQS"-0-CD + H*
ZnTPSPyP*+ AQHS~-^-C!> (6|

ZnTPSPyP*
ZnTPSPyP H*

recombination rateofthe dectroa-transfer products is the presence
ofß-CD to the value obtained in the absenceof-CD** indicates
that the back-electron-transfer process is 10-foki retarded in ihc
presenceof ß-CD.

Thus, in viewofthe flash photolysis results, we can conclude
that the added 0-CD participatesin the electron-transfer procs
in two routes: (i) it separates the complex structure

ZnTPSPyPAQS"and allows the formationof the T stateofthe
excitedsensitizer, and (i)k stabEaestheetectroiHraasfcr products
gaiback-eiectron-transferreacdons, by the sdecth'e associaoa
ofAQHS~within the cydodextriacavity. These two functions
of 0-CD allow the effective accumulation of AQHS"* ander
continuousillumination.

Photoreductioa of Octylriokigca and H, Evolution io the
Preseaceof/-CD. Pbotoreductionofalkyiviologens in the visible
spectrum has bees extensively examined usingvarious sensitiz-
ets^* and organized rnkjoeiivitoiunents.^-" Emphasis has been
directed to the utilJTarkm ofthe pfaotoproducts,viologcn radicals.
in Hi evolution in the presence of metal colloids such as Pt
catalysts."'"^ Interestingly,illumination of an aqueous solution.
pH S.3. that includesthesensitizer, rutBenium(ir) tris(bipyridine).

V**
as the electron acceptor and disodiocthylenediaminetetraacetic
add, Na,EDTA,as the electron donor, resultsin the formation

(24) At tor AQS"concentration earon-transfer products are formed
iaefficicgttyvia qnctKhmg ofsacon^eated mirtTW in ihc T gate. TIk
rombinatjonraie is ntimairri to be /^ * 2^ x 10'.

(25) Oia>ra,L;Take<icfai.NC; Kim-Thuao,H./. MotCti. 1979.6.227.
(26) Karyanasundaram.iL;Graoet M. ffefe. Cnm. ,4ci 1980.53. -l78.

(27) Okara. L; Aono. S^ Takeaclri. M4 Kusunofci. S. na Om. 5.

/pn. 198i JJ. 3637-3638.
(28) (a) dagger. P. A4 Grand. M. /. A. C&em. 5oc. 19M. 72-

2461-2463. (b) Kamogaw, H4 Mawi. T.: Naaajawa, M.Owm.Iäi.I-
U4S-il48.
() (a) Bragjer. P. A4 In&ia. P. P^ Btaun.A. M4 Goad.M. >- /*<

C^b. 5oc IStt. i03. 32K326. (b) Wieder. J4 Thomas. K. J. /. /**
On.1982, &J, 4540-4544. (c) Maidan. IU Cores, Z4 Becker. J. Y.:

Waaer, LJ.ia. Oem.Sot 1984. /<W, 6217-6222.
() (a) KiwiJ4 GratteU M. A-.Ok /. fit ^i. 1W. /<

624-626. Cb)Okara.L;N4kannira.S^Nakamura.K.I.XWo/.Gira/. 179-
A 71-73. (c) KohaktB.K V4 Ddabb. T. S4 ffika. A.BoH. -4*f.

" cai
SSÄ 1*77,2. 620.
(31) (a) Keßer.P.; Moradpour. A4Amosyal. E4 Kagan. H. 5. A"a '

C&m. ft., 377-384; /. te. Otem. S. 1W8. /Ö2. 7I93-7IW. <"
ÄrrinaB.AuPor. G.; Richoux.M. C./. CS.Sac, /"roda?
ö8L77,i93*-l948.(e) Harriman.A4 Porter.G4 Ricboox.M.C /.
Sac, Avai&ry 7>am. 2 1981.77, S33-S4.

(32) (a) Kiama. A. I. PAotocAon. /AoJoÄaW. 198. i/. 75-l. W?"*
A. J. J. CSok.Soc Cue.G.I98I. 593-594. (c) Otaa. U K*'

Thuao. N./.Cfcem-Soc./Imj^ Tnair. / 1981.77.14! 1-1415. {< KeBef-
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np*- Fluorescence quenching of RuCbpy),*'. * x HT* M. by C,V**
ad presence of 3-CD: (a) [^CDJ = 1 X HT' M: (b) [0-CD} = 5 x

r*M: ! J-CDJ 7.5 x l(T* M.

ofs viole solution of the octylviologcn radical in its dimcr form

lCjV*")2 (Figure 3)." Thequantum yield for the octytvtologen
radical dimcr formation corresponds to 9 - 10.6 X 1<T'. It is
dlestablished*'*that viologen radicals tend to aggregateat high
concentrations of the radicals. With octylvioiogen, the dimer
iggregate is the predominating species, even at very low con-

cmtrationsof the reduced photoproduct. Further illumination
ofthe system resultsm the precipitation ofa deep violetproduct
from the aqueous solution that is presumably a higher aggregate
form ofthe single electron-transfer product CjV**. We believe
tint du* to the hydrophooic characterof CjV**, the aggregation
process is favored as a result of intermolccuiarhydrophobic in-
inactions. Similarhydrophobicinteractions bavebeen previously
discussed-* in the photoreductionofiV-methyl-Y'-^odecadecyl-
^.t'-bipyridinium.McCmV^"-With this chargerelay,the rednced
phoioproduct, NteC,*V** forms miceßar aggregatesas a result
ofhydrophobicinteractions. The absorption pattern ofthe mwdlar
ugregaie of MeC|V+*resemblesthat of the QV** dimer com-

piex.
Previous studies have indicated that cyciodextrins induce

taggration of dyessuch as thionine^or rhodamine B** by the
selective association ofthemonomerdye formm theCD cavity.
We have examinedthe possibilityto prevent the aggregationof
C,V~ in the presence of0-CD. Illumination of the previously
described svstm,X> 400 nnt in the presence of >CD, 1 X 10"*
M. results in the formationofthemonomerphotoproduct. CgV**
(Figure 3). Thequantum yield ofQV** formation in the presence
of<3-CDis<fr8-8x 10*. Theformationofthe monomerQV**
in the presenceof0-CD is attributedto the binding of the reduced
phmoproduct to tie hydrophobic cavity of the cyciodextrin (vide
tf ThesioftheCDcavity (6.2-Adiameter, 7- height)**

:he accommodationof themonomerformonly, and con-
quently aggregation is prevented.
The mechanisticsteps leading to the photoreduction ofCgV***

in the absence and presence of/3-CD have been studied in detail
sing laser flash photolysis. The primary process involves the
ciectron-transferquenching of the excited sensitizer byQV**(eq
8). In the absence of0-CD. the Stern-Volmerpfot following

ölequenchingprocess is linear and the quenching rate constant

responds to*, =U X 10* M"* s~', a vaineverysimäarto that
sported for otherviologen charge Jays-'*-* TheStem-Vofaner
Plots following thequenching process in the presence of^-CDshow
^ nonlinearbehavior and depend on the -CD concentration
(Figure 4). It can be seen that the quenching carves exhibit a

hyperbolic shape andthat the cwvataresrises at a towerQV**

(33) Kosower. E M^ Cotter. J. I_/. /mr.Oim.5.19.ftS. 5524.
(3-ty Dan. P4 V/ainer. L 7. C&.Soc_ irfcwt Tn.it.S-*.
5 Degam, Y.; WiHner. U Haas. Y. CScti.ly. tat. 1984. /<W.

SodcO. R^ Meyer. T. J^ Whktea.D. G./. Ait. CSem-itoc.1974.
o

Figures. Transientdecayof the phcrorediiced productof C,V^* foilowed
at X = 6( nm. Excttaora of Ru(bpy),-*", 4 x 10"' M. at X = 455 am.

1 2.0x CT M: (a) wittont5-CD:(b) in thepresenceof3^D
= 1 x

concentration when the 3-CD concentration decreases. Fur-
thermore, it is evident that for each 0-CD concentration the
quenching plots rise withan asymptoticslope similarto the value
observed in the absenceof 3-CD. These results suggest that the

quenching plots can be interpreted by two complementary
quenching processes: at low CjV** concentrations, the charge
relay is mainly associated with the /3-CD, and the quenching of
the excited species occursby CD-bound CjV*+, (CV**)cq (j
9). From the different carves the calculated quenching rate

(9)

constant for0-CD-boundCjV**corresponds to jfc,> = 8-5x 10
M"'s-'. AthighCjV^concentranon, the binding siteof3-CD
aresaturated, and consequently the quenchingprocsoccurs by
free C,V*+ witha raie cessant similar to that observed in the
absence of 0-CD. Certainly, the amount of free C,V-+aeeded
m saturate the cydodextrin cavities will depead on the ß-CD
concentration andwill becontrolled bythe association constant
of CjV-+ to 0-CD. This is consistent with the result that the

quenching plotsare carvedattowerC5V-*concentrations, when
the 0-CD concentration decreases. The curved pans of the

quenching plots are thus representing stages where the excited
sensitizer quenched bythe free and bound quencher concern-
itantiy. Tbe studiesreveal that the effectivenessofthe quenching
process oftheexcitedsensirizer by (3-CD-boundCsV^" isca. 3-fold
decreased as compared to the sinukrprocess by the free quencher.

Neverthdess, the quantum viefaisofthe reduced photoproducts,
(CfV**)jand (CgV** ânderconmauHB älummation are very
sitmiar(^ ~ 10%), despite the ineffidentprimary process involved

in the electron transferin the presence ofJ3-CD. Thisph(
suggests that an additional reaction participating in the overall

process is improvedinthepresence of0-CDand compensatesfor
the inefficient quenching procs. We have thus examinedthe
recombinationprocess of the separated photoproducts. These
reactions were characterized by following the decay of the pho-
togeneratedprodaas(QV)jor(C,V~)a>,eq 10and II (Figure
5). Therecombination rate constant ofthe photoproducts in the

(8) Rtt(bpyV+ -^ +

(10)

(11)
absenceof |5-CDis Jb, 3^ X 10 M"* s">. It should be noted
thatthe value ofthe back-etectroa-transfer rate constant using
C,V*+ as thecharge relay is ca. 1 order ofmagaitttde towerthan

the recombination rates of the alkyIvioiogen radical and Ru-

(bpy)}** that are almost diffusion controlled. This might be

attributed to electrostaticrepulsion of the oxidized product by
the positivelycharged octylvioiogen radicalaggregate.^* Yet,
in the presence of-CD.the badc-dectron-cransfcT rate constant

ofthephoioproductsis*,,c*3.2XlO'M-'s"'. Theseresults
imply that the back-eiectron-transfer process is 10-fold retarded
as compared to the systemwithout cydodextrinand ca. 2 orders

of magnitude slower thana diffusion-controlledprocess. Thus,
weconclude that the separated photoproducts are stabilized against
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Figure 6. Schematic function of 0-CD in photogeneration of
monomer and subsequent H~ evoluüoa.

the back-eiectron-transfer reaction in the presence of-CD. This
stabilization is attributed to the selective binding of the photo-
product CjV** to the hydrophobiccavity of the cydodextrin. This
stabilization allows the effective subsequentregeneration of the
sensttizerby the electrondonor, NajEDTA (Figure 6). Therefore,
the highquantum yieldsobserved in the photoreduction of QV**"
in the presenceof 3-CDare mainly attributed to the stabilization
of the photoproducts against destructive back-etectron-transfer
processes. Previous studies haveshownthat organizedmicroen-
vironments such as miceües,^"' colloids," polyelectrolytes,"
vesicles,'*and microemuisions"'-"can control electron-transfer
reactions and stabilizethe photoproductsagainst back reactions.
The present studyreveals a novel approach for retardation ofthe
recombination rate that uses cyclodextrins for controlling the
process, Tnese host receptors associate selectively with one of the
photoproducts,and consequently, the photoproductis beingsta-
bilized toward the back-electron-transfer process.

It is well established that AW'-dialkvi-4,4'-bipyridtnium radicals
act as charge relays that mediate Hj evolution in the presence
of metal colloids such as PL*** Introduction ofa Pt colloid to
anaqueous solution that includes the sensitizer, Rn(bpy)j**", the
electron acceptor,QV**,andNa^EDTAdoesnot yield any hy-
drogen upon illumination although the reduced photoproduct

), is formedefficiently. This implies that the aggregate,
, is not active as a charge relay for Hj evolution. Yet,

in the presence of 0-CD, where the reduced product is in the
monomer form. QV*% effective H-. evolution is accomplished,

4 x I(T* (eq 12).

2QV*-+ 2H*-^-Hj + 2C,V** (12)
Thereason for the inertness of the dimer aggregate(C,V**)j

is still questionable. Theredox properties of QV**"hve been

(37) (a) Mtiset.ZX;Matheson, M./. ,**. Cton-Sbc. 1977.99.6577. (b)
Meuei, D4Matheton, M4 Rabam. J./.-<m. Cacti.5oc. 1978. /00. 117.

examined in aqueoussolutions in the presence and absence oi ,^Jusing cyclicvokammetry. In the presence of-CD,the red~potential ofQV"corresponds to iE" = -0J6V (vs. NHE)'Tthe absenceof-CDthe reduction potentiai is more positive bv
ca. 0.05 V. ForHjformation at pH 5.5, the charge relay nmexhibita limitingredox potentialof" =-033 V. exctadkg eweripotential needs. Thus, the relativelypositive redox potentialof
the dimer aggregate(CV**)j, together with its low soubilitv in
water, might eliminate Hj evolution.

We have studied different photosensitized electron-iransfcr
reactions in aqueous media containing jS-cydodextrins. We find
severalfunctions ofthe CD receptor in the photoinducedprocessi3-Cydodextrin could destroy a ground-state complex between a
neutralzwitlcrioniczinc porphyrin and anthraquinone-2-sulfonau.
Similarly ^-CD separates the dimer photoprodiKS(QV*-)j. Xhk
separation ability of jS-CD toward aggregated forms is a resuii
ofthe binding propertiesofthe cyciodextrinreceptor. The different
separation processes that were studied have significant conse-
quenceson the photosensitized electron-transfer reactions in the
/3-CD microenvironments. In the former system, the resu,- -.non
of the photophysical properties of the zinc porphyrinha^ bees
accompiished. la the lattersystem the formationof an active
chargerelay, C,V"^,that mediatesH, evolution was establishec.
Further effects of /3-CD are apparent in controlling the photo-
sensitizedelectron-transferprocess. Substantial stabilizationof
the intermediate photoproductsagainst back-eiectron-transfer
reactions is achieved, by selective binding ofone of the photo-
products to the CD cavity.
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thednuerizanonprocess to be^,SiS*.8M-'. We ihanfc one of the
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resents a rare example" of ciean chirality induction to an sp*
carbon which is not pan of a ring, daring a carbon-centered
free-radkai cycüzation. Furthermore,the nighty efficient insertion
of the oxygen atom at C-22 into the C-Si bond'*of the hetero-
cyciic units 4 and 9 has provided a novel entry to the synthesis
of the 22-hydroxylated natural and 20-iso-steroid side chains.
The results describedherein have considerable implications

beyondthe synthesis of the steroid side chains. We believe that
this type of cMraKty transmission approach employingthe a-silyl
radical-mediatedcyclization should have the potential to be ef-
festively appliedin the synthesis of various acyclic moleculesor
their equivalents.
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(15) ForprerJBSiy reported examples invoiving 5-au>cyclization. seeref
1c, 4p, and 4ee.

(16) ta) Tamao,IL; khida.R: Taoaka.T.; Kanada, M. Or
1983.2.1694. (b) Tamao. K-; Ishida. N^ Kumada. M. 7. Oy. CÄon. 1983.
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Pbotoreductionof CO, to CH4 ia Aqueous Solutions
Using Visible light
Ruben Maidan and Itamar Wfflner*

ofsolar light isof substantial interest as a meansfor solar energy
conversionana storage.*"* Seriousattemptshave recently been
directed toward the development of light-induced COj-fixation

and other organic acids' has bees reported, using homogeneous
catalysts/-* semiconductor particles,*or artificially enzyme cat-

alyzed coupled systems.* Reduction of COj to methane, the
methanatkm process (eq 1), is of substantial industrial impor-

COj+ 4H CH, + 2H2O (I)
tance.*-* This reaction proceeds at high temperatures and
pressures and is catalyzed by metalcatalystssuchas Ru, Mo, and-
NL Electrocatalyzedreductionof COi using Ru electrodes has
been reported.'" Herewe wish to report on the photocataJyzed
reduction ofCOjto methane using tris(btpyrazine)ruthenium(II),
Ru(bpz)3^*,as sensitizer" and a Ru metal colloid as catalyst fis-
the process. -

_ _

Toe system is composedofan aqueous solution, pH 9.5, that
includes NaHCO, 0.05 M, Ra(bpz)j**, I x lO"* M, tri-
ethanolamine,TEOA,0.17M, as elecwmdona-, anda Rb coUotd,
20 mg-L"', prepared by the citrate reduction method." Ilhi-

(I) Calvin.M. ^ee. Cte.Äo. 1978,/A 369-374.
(2) Orpmtt arf 5io-<>jttmc CXmino'0/Cartwt Zaxi<te Inoue.S,

Yanazaki.N Eds.; Wiley. New Yorfc 1982.
(3) Ulman, M4 AuriaD-BUjeni. B4 Halmaaa, M. Onri 1984. /.

235-239.
(4) Leta. J.-M4 Ziessri. R. /Vor. Mat Aarf. 5d. U^^. 1982. 79.

701-704.
(5) Hawcfcet,J^ I^tauJ.-M: ZiesseL R. /. C3to.5oe, C^m. Gxroram.

I9W. 5-58-
(6) Halmann, M. Mnm(ioi<wt) 1978. 275, 115-116.
(7) WiUner. I_; Mandler. D.; Rüdin. A. X Oii.5oc, Cacti. CoTOmtn.

198, 1022-1024,
(8) WAaBrono/5yACar. Segiia. L. Ed4 American Owmical

Society: Washington. DC.(9)"Ma&, G. A^&rfrgea. F. W. Qaa/. r. 1973,. 159-210.
(10) Free. K. W, Jr4 Leach. S. /. &oroc*m. äjc. 198S. ; J5.259-260.
(II) Crutchley, R. J^ Lever. A. B. P. /norf- Oat 1982. ZI. 2276-22S2.
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Fignre1. Rate of CH formationas a function of illumination
in H;O, (b) in water-etanol 2:1 sotuon.
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Reduction ofCOj to combustibleorganic products by means FipnlTn t spectra formed upon iBumraaa
X lCr'MandTEOA,0.17MsoiaöonpH9^. Systems are flashed :

X 440 nmandproduci is followedat X 500 nm: (a) under CO. <

argon;fin the presence ofRu colloid (20 mg-L"') under argon: (c) i

the presenceof Ru colloid (20 mg-L"*) ander CO,.

ruination of this system ander a gaseous atmosphre of CO;.
> 420 nm, results in the formationofmethane. Metianeanaiys
was performedby gas chromatography (Porapak T column) bj
comparisonto an authentic sample as weil as by mass spectroti
etry. Therateof CH^formatkmat time intervalsofilluminaticm
is displayed in Figure la and correspondsto a quantum yield c

^ = 0.0025%. Exclusionfrom the systemofthe sensmzer,
~

(bpz)j*\ or the Ru colloid prevents the formationof CH* Sins
flarly, exclusion of NaHCOj and CO,eliminates any productio
ofmethane. These results imply that all of the components ar

essentialfor the reduction ofCO,mCH,. Theturnover r.umbc
of Rb(boz)j** b 15. implying a cycle activity of the s>str
The photophysical propertiesof Ru(bpz)j""havebeen studio

thatisredacthelyqaencaedbytriethanotoime.TEOA(cq 2

COj + 8H* + Se" CH* + 2H*O (-|
ifc, 2 X 10 M"* sr. Thephotoproduct, Rn(bi),*,formed b;
the electron-transfer process is a powerful reduaanu t^"
(bpz),7Rtt(bpz),**]= -0.86 V vs. SCE
The redite potentialfor half-ceö reaette ofCO
C)Hd*0^4V

Efcctrochemkai studies'"have indicated that COi i r. - -'^
CH* at aRelectrode at an appüed potential that corrop>**

" ' V vs.SCE. Thus, photogeneratedRu(bpz>J* '* ^^**

(12) Forioiig. D.NLuaaaBS. A^Stoe. W.R:Sanders. J. V
Soc Arator fz-aw. i 1984, ^. 571-588.

, A B. P. -f. Ok.(13) Creid&y. R. J^
7128-712.

(14) (a) Lei. J.-NC; Ziessd. R. ftoc. Ate/. <4nf. 5W. /^
701704. (b) ncpc&pe<äao//?rrrocAi
J, BL: Dekfcer. Mew Y<Ä. 1976: VoL 7.
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7E0A Ru (boz 5

-.ducts- RuCbPSj'
fip .-e 3. Schematic cycle for the photosensitizedreductionofCO;to

CH.

dynamicallycapable of reducing COj to CH*. To account for

die functionsofthe different components includedin thesystem
that leads to the reductionofCO*a laser flash photolysisstudy
as performed (Figure 2). Flashing a system that includes

Ru(bpz)j-*and TEOAunder an inert Ar atmosphere resultsin

the trace displayedin Figure-2a. Namely,flashing of the system

results in the formation of Ru(bpz)j*. This photoproductdecays
for -a. 80 ms. as a result of backreaction with TEOA"*, and later

is accumulated as a resultofirreversibledecompositionofthelatter
photoproduct. A similar trace is observed under a COi atmo-

sphere, implying that Ru(bpz)j* is unaffected by COj in the

absence of the catalyst. Introduction of the Ru colloid to the

Ru(bpz>3-*-TEOA system under Ar atmosphere results upon
flashing in the tracedisplayedin Figure 2b. It is evident that in

the presence ofthe Ru colloid, the photoproductRu(bpz)j*decays
(r = 170 ms), implying that electron transfer the coBoMoccurs.

We attribute this decayprocesstoa charging process oftheRu

colloid'* by Ru(bpz)j*. Eves more interesting is the behavior of

flash-photogenerated Ru(bpz)j* in the presence ofthe Rncolloid
andCOj (Figure2c). It can be seenthatin thepresence ofthese

two components Ru(bpz>3* rapidly decays and äs lifetime is

considerably shortened (r 50 ^s), as compared to the system
in the absence of CO; or the system where the Ru. colloid is

excluded. These resultscieariyindicate that electron transferfrom

Ru(bpz)j* isvery rapidin the presence oftheRucolloidand CO?
together. This effect might be attributed to either impro
of the charging capability of the Ru colloid (via. for example,
dectrontransfer from the colloid to adsorbed CO,), ormdirect
reduction ofCO> adsorbed to the metal colloid. Nevertheless,
the decay curveof Ru(bpz)j""in the presence of the Ru metaland
CO- ihows a single exponential decay, ami thus the first possibility
is preferred. In viewof theseresults,we suggestthe schematic

cycle presentedin Figure 3 as a possible route for the photorc-
duction ofCO2 to CH*.

Previous studies haveshownthat Ru(bpz)j-*can be effectiveiy
reduced byTEOAin etbaooL" Thus, we have studied the re-

faction of CO, to methane using Ru(bpz) j-* as sensitizer, TEOA
electron donor, and the Re cottoklia a mixtureofHjO-ethanot

(2:1 ). The rateofCH* formation is displayedin Figure 1b and

correspondsto a quantumyield of ^ 0.04%^ The higher
qu?-" .um yieldobtainedunder these conditions is mainlyattributed
to 0 effectiveness of Ru(bpz)j*formation in this medium.

Introduction ofthe Ru colloid to the photogener&tedRu(bpz)j*
in the water-ethanol mixture results in the evolution of CH* and

recovery of Ru(bpz)3**. These results are consistent with the

previously described mechanistic cycle outlined in Figure 3. It
should be noted that ia the absence ofCO* noHj evolution is
detected. Thus, the conversionto methane is not considered to

proceed via hydrognation of CO; but rather via electron transfer
to metal-activatedCO, followedbyprotonaüon. In theelectro-
<*nical reduction ofCO;to CH*. it has been observed'* that
tbc Ru electrode undergoes partialoxidation by CO, to form CO.
in .iur system no CO formation is detected, yet such partial
oxidative corrosionof the Ru colloid is not excluded.

In conclusion, we havedemonstrated that the photosensitized
reductionof CO. to CHcan be accomplishedwith photogenerated
Ru(bpz)j+ in the presenceofcolloidal Ru. Thefunctions ofthe
alcolloid in this processclearly indicate that in the presence
' CO*,electron transfer from Ru(bpz)j* to the colloid-associated
CO. is effective. Further experiments utilizing other catalysts
*d attempts to further characterize mechanisticaspects of the
Process are now underway in oar laboratory.

netcottrt. M. O.: Kesboacte. N. .Voi. /. OWm. 19*5. 9. 235-240.

Neutral Gas-Phase Analogsof Condensed-Phase
Post-Transition-Metal Cluster Ions: Laser

Vaporization and Photoionization ofSn/Bi and Pb/Sb
Alloys
R. G. Wheeler. K. LaiHing, W. L. Wilson, J. D. Allen,
R. B. King,and M. A. Duncan*

Depart/new o/Cfemtrrry
Scoo/0/ CAemzcai Sciwares. uneryo/G*orgr

The recent developmentof laser vaporization/molecular beam

technology' has resulted in numerous studies ofgas-phasemetal
cluster molecules.- Various experimentshave examined the

structures of diatomic*and triatomie* species, as well as size-

dependent properties such as ionization potentials.' chemical

reactivity,'and fragmentation." Semiconductors*and other

materials'have also been included in this growingarea of research.
Prior 10 the development of these rather exotic techniques, how-
ever, dustersystems had already been studied formanyyears in

condensed phases. For example, borane,'*" carbarane,"*"'*
transition-metal carbonyl," and post-transition-metal ion'*"'*
duster systems axe well characterized. In gnerai condensed-phase
dustershave limited volatility and are coordinativefy saturated
withexternal Kgmfe so that detailedcomparisonswith bare-metal
gas-phasespeciesare not possible. However, ionic clusters of the '

post-transition elements (Sqj*", Pb,*".Bi,*", etc.)"ateEgand-free,
consistingofchargedmetalpolyhedral networks accompanied by
counterions. These systems havebeen investigatedextensively
throughNMRand X-ray diffraction experiments^* and theoretical
treatments using molecular orbital methodsas well as fcss rigorous
electron counting techniques.'^'* In this report-we describe the

observationof aeutral gas-phase counterparts to these com-

densed-phase ionic clusters. These results establishone of the few

existing links between duster research ia these differentenvi-

(I) (a) Dietz. T. G4 Daman. M. A4 Powers.O. E: Smafley, R. E. i.
CÄon. ?Avi.1981.7<65U. (b> Boodybey. V. E4EagSsli. J-H.Z C&on.

J>ft>w. 1981. 74,6978. (c)Hopkiia,J.B^Unri<ige-Sa>ti.P. R-JUMorse.
M.D4Sfloiiey, R. E. X Cfctm.i'ftj'J. 193. 78. 1627.

(2) Morse, M. D. Cton.to, ia pros.

(3) Wdtner. W.; van Zee, R.J. Aim. Äo.?7i.Cin. 1984, 35. 1.
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CÄn.?*jw.iai. 1986. i2tf. 113. (c) Crmniey. W. H^ Haydea.J.S^Gole.
J. L./. CSen-i^t. 1986..5250.
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D. J4 Kaidor. A. 7. C&em.?Ayj. 198.5. 1697.
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Thesestructures consist of aikyl groups which, on average, ex-
pcrience a crystallne-iikeenvironment, are canted from the surface
normaland packed to high densitiessufkient to form high-qualitybarriers for both electron- and ion-transfer processes. Defects
in these structures would be expected because of the complexsurface morphologyof the polycrystailinc gold including crys-tallographic faceting and surface roughnessas well as the com-
plexitiesof the thiot head-groupattachmentchemistryand mis-
matches of ideal lattice parameters for the aikyl chains and the
substrate-bound head groups. However, for the case of the
long-chainthiois. the van der Waals interactions of the chains
appear to sustain a structure which is a very effectivedielectric
barrier. Shorterchainlengths protnoie a loss of film organization.This results in a decreased packing density and the onset of
permeabilityby CT and CIO".

Thisstudydearlyshows that significant potentialexists to adaptthese /j-alky 1 thiol monoiayer assemblies for use as mode! systemsfor fundamental studies of heterogeneouscharge-transfer, ion
transportand double-layer phenomena. There arc several po-

tentiaily fruitful modifications,not considered in this first stuuthat could lead to improve the properties of this model svstes:These include the use of smooth, single-crystal gold substratand the optimization of adsorption conditionsas well as vanatiorin the molecular structures of the thiois. Utilization of the*approaches for various applications is presently underway.
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Improved ChargeSeparation and PhotosensitizedH2 Evolution
from Water with TO2 Particles on ColloidalSi(>2 Carriers
ArthurJ. Frank,** ItamarWfflner,**Zafrir Goren,* ami Yinoa Degani-

lA* So/ar .Energy .Research //ui/nrfe,CoWi. Caforsdio 0407. a// X&e

Abstract: Laser flash photolysis ami steady-state photolysis studies show that eiectrostatic interactions have a dramatic influence
on the kiireucs forchar^sepamicm and hydrogen production in aqueous system
SiO; colloidsin various combinations with an electron relay, a photosensitizer. and a Pt catalyst. Either direct excitationofthe semiconductoror the photosensitizerRu(bpy)j"" (bpy = 2^'-bipyridine).electrostatically adsorbed to the colloid, initiateelectron transfer to either the zwitteriontcelectron relay, jVJV'-bis(3-suifonatopropyl)-4,4'-bipyridioium(PVS),or JVJV-bis(3-sulfonatopropyi)-2^'-bipyridimum(IX^), or methyl viotogen(MV^). The rates and quantum yieWs for the formationof the radfcaiPVS~ anion in both theTKVSKVPVSand theTlOr-SiOi/RuCbDy^/^^systededinewitincreasingtonic strength. Toe rate asd quantum yields forHi production in both the TiOJ-SiOj/DQS^/Pt and the TiOj-SiOj/Ru-(bpy))^/I>QjS/Pt systems aiseshow a simüar ionic strength dependence. Kinetic analysisof the data infers that repulsionofthereduced zwitterionicrelayPVS~and DQS*~ &odie negatively charged colloidal interface inhibits back electrontransfer
to both the semiconductor ami the surface-attachedoxidized photosensitizer Ru(bpy)j**. Fbrmatk) of the cation MV**radicaland is back electron transfer to the semiconductor are rapid asd imply that the MV** electron relay is in close proximitytothecoiloid. Both the photcigcneratedvalerK^bandhcrfesand the oxidized photosensitizerRuCbpy),'* oxidizesurface Ti-O"
groupsofT7CK. This redox processhas the important effect ofrecyclingthe photosensitizerfar further reaction. The additionofüSuperoxide dismutaseenzymeto the oxidized TiO*-(SOj) system regenerates,in part, the activity of the semiconductor
to evolve H2 and to release molecular oxygen.

Light-induced electron-transfer reactions in colloidal and
paniculatesemiconductoraspersionshavebecomean active area
of research in photochemistry.' Extensive studies have demon-
strated the potential utility ofsemiconductor particles as light-
harvestingunits in the photochemical conversion and storage of
solar energy. Semiconductor panicles ofminute size (diameters
of 5-5Q nm) can have high efficiencies for toe photogeneration
of electron-hole pairs because ofthe short transit timeof charge
carriers from the panicleinterior to the surface compared with
the long relaxation time for charge recombinationin the bulk of
the semiconductor.* A crucial problem inherent to microhet-
erogeneous systems is. however,the rapid surface recombination
of photogeneratedelectrons and holes as weB as the back electron
transfer between the semiconductor ami reactive intermediates
formed at the semiconductor panicle-liquid interface. A second
obstacle to the exploitation of small semiconductorpanicles for
photochemical solarenergy conversion is the absenceofmaterials

'Solar Energy Research Institute.
'Ti Hebrew Unwersiiv of Jerusalem.

that not only form colloids bat also have good photostability and
high solar spectral response. One approach that addressesthi>
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rrrofMraujPtotccata^m:D. Reidel PuWiihinj Cou Dordrcchi. :
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i problem is to develop new materials (e.g., molecularsem-
(conductors-*) havingthe approprateproperties. Anotber strategy
o to use known materialsthat formcolloids and then to modify
them to obtain the otherdesired properties. Toward this end.a

ajnsiderable amount of work has been concerned withthe pho-
ti- -isitization ot stable wide-bandgap semiconductorssach as

T . * withchromophores that absorb strongly in the visible and

nc;.:-infrared regions of the solar spectrum. Photosensitizershave

jlso been used in nonsemiconductor-basedsystemsto bring about

the cleavage of water,* CO^ fixation,* and other chemical
transformations.*-* Efficient conversionoflightenergy requires
that back charge transfer to the oxidized (or reduced) photo-
sensitizer besuppressed. Charged colloids suchas SiCKand ZrOj
have been shown to provide effective microenvironments for

controlling electron-transfer reactions between photosensitizers
and electron relays.'-'' WithSiO^colloids, for example, good
charge separationbetween the oxidized photoseusitizer and the

a-, -seed electron relay has been accomplished. The mechanism
invoives the selective electrostatic association ofone ofthe redox

products with the charged colloid andthe specific repulsion of
the partner product from the colloid interface. la these photo-
chemical systems, a sacrificial electron donor is generally required
to recycle the photoseusitizer. Hydrogenis evolved upon reaction

of the reduced electron relay with an appropriatecatalyst under
suitable conditions.
We reporthere the first example of the application ofelec-

trostatic effects to control electron transfer in a colloidalora
paniculate semiconductor-basedsystem. Electrostaticeffectsare

fev:r.d to produce a markedimprovement in the kinetics for charge
separation and hydrogen production in aqueous media. The

representative system consisted ofTiCK particlesimmobilizedon
negatively charged SiCX colloids invariouscombinationswith a

zwitterionic electron relay, a photosensitizer. and a colloidal Pt

catalyst. The photosensitizer was Ra{bpy)j**'(bpy =* l^-fct-

pyridine) and the zwitterionic electron relay was either /VJV'-

(2) Grätzei.M4 Frank. A. i. /. J'Ajtf. CS*m. 1982. &5.2964.
13) Houlding. V. H-: Frank. A. J. /urg. Oiem. IS8S. 2. 3664.
;4> (a) Clark.W.D. 1C;Stuin. N./.^w. C&n.5ot 1977,99.4676. (b)

f ihara. M4 O^att. H4 Osa. T. ten{Zaado1977.Ä 22*. (c)
SojOer. M4 Calvin. M. /. CSow. J*j. 1977.6*. 42S4. (<0 Huna. A4
Dare-Edwards. M. P4 Wright. R. D4Seddom K. R4GoodeaoBgiL J.P. /.

rra. Okew. 1979. 3.3280. (e) Dare-Edwards. M. P4 Goodenongh. 1. Be
Hamnett. A.: Seddon. K. R4Wright. R. D. farafcryOkmi.Cten.Soc.
1980.70.285. (I) Giraudeau. A4 Fan. F.-R. F.; Bard. A../. .4m. Owm. Soe.

1980. ;02.5137. (g) GuUno.D. A4Drickamer.H. G./. i>*yx. Oiem. 1984.
8. 1173.
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H.; Grtzei. M. /. ^iR. Oleit. ^oc. 1983. /<W. 5695. (e) Haihinwto. K4
I wai. T.; Sakata. T. ."An.X Oi& 1983, 7. 249. {0 Duonghons. D4
> :rpon=. N.: Grtzri. M. Hefe. Oh.-4<7a 1984.7.1012. (g) Moser. J4
Grdtzd.M./.^/Tt.Owm.Soc. 1984./Orf. 6557. (h) Borgareüo. E4 Peäzan.
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Fifa* L Productionof PVS~withirradiation time (X> 305 um) for

2 x IQ"'M PVS with 0.5% TiOr-SiCKcoltoids in aqueoos solutionsat

pH^witbCAJaoaddedsait.CBJO.OeMNaO.aodCQO.KMNaa.
(ppy)py <

sulfonatopropyl)-2.2'-bipyridinium (DQS).

cv

-SO3
PVS*

oos*

ExperimeotalSection
Msariab. -VjV'-Si^3-suifomtopropyi)J.4'-btFyridJniuin (PVS)and

.VaV'-bis<3-salfonatopropyl)-2a'-bipyridiBium (DQS)wets prepared as

describeddsewhere.'"-'- The litania-modifiedsiiio (TiOi-SiOi) coi-

lotds (24.2% (w/w)) were obtained from Nalco Owaäcai Co. The

coUoidswerediaiyzedfor 10hand diluted tothe desired codceatrations.
Transmisiion electron microscopy (TEM; measurements ofthe TiCW-
SiO; dispersion show that the TKX parttdes (4-nm dtameter>are dis-

tribted nonhomogeaeoosly onto spherical SiO. coUoids(30-nmdiame-

ter). SomeSiO, particles have no TiO; sites, whereasothers have one

ormore TiO;partides 00 the surface. Still others havea duster ofTiO,

panictespresentat the interface of several SiOi colloids. Whether the
latter type ofaggregation also exists in aqueous soiwionis soecuiative.

Althoagh both TiO.ind SiOiare each charged negaüvxiyat thepH of

the solution (pH 9.8), the TEM indicates that they are present u co-

colloids. In otherwords, theTiOi is associated with thesilicaand is not

free is solution. Colloidal Pt {12mg T'; 2 nm particle diameter) was

prepared by the citrate reductionofHjPtCV' and <&dy2ed just prior to
use.

Apparatus. Laser photoiysis experiments employed a Molcctron
UV-IU nitrogen-pumped Moiectron DL200dyeaser combinoi with fast
fcineoc spectroscopyto detect transient species. Continuous illumination
was carried out with a PTI MoodA-1.CXXelamp equipped with & 3

cmpath length copper sulfate solution to remove 1R radiation ami a

cutofffilter (X> 400 nm. incident phown flux =* 1.3 X 10"' einstein s"'

cm"-.X > 305 nm. incident photon flux =U X 10"' einstein s~* cm"').
Absorption spectrawere recorded on a Uvikon-ä20 (Kontron) spectro-

phouxneter equipped with a ^-80 computer (Kontron) for data, acqui-
smb and reduction. Hydrogen and oxygen were measured with a

(l2)Wner.U Föni.W. E././tewoeyri- Own. 1983.3*. 1113-

(13V (a) Furiong. D. A4 LaMfltoMi.A4Saae. W. H. F. /. CSn.5bc
Aso^tr Tran. J 1984. SO. 571. (b) Aika.K4 Ban. L UOkura. I.; Nimba.
S4 Torkerich. J. /. Ä. /. Orf~ ffoiirfo fut. 197S. 2*, 55.
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Packard Model 427 gas Chromatograph equipped with a 5-A motecuiar
sievecolumn, a thermal conductivitydetector, and argon or heiium as
the carrier gas for H, or O, analyses, respectively.

General Photolysis* Samples and Proce*as. In the UV-pnolysis
studies of PVS.thesamples consisted of0.5% (w/w) TiO;-SiO, coilokis
and 2 x 10"' M PVS in 3 mL ofaqueous solutions at p~H 9.8. In the
investigation of H. production in the ultraviol region, the samples
contained 2.4% (w/w) T1O;-SiO;colloids and 2 x XT' M DQS in 3
mL of aqueous solutions at pH 9.8. In the photosensaßaöon sawües of
H, evolution. 6 x lfr' M Ru(bpy),was added to the above samples
and the concentrations of the TiOy-SiO, were either 12% or0.6% {w/w).
The photolysis vessel was a 1-cm cuvette fitted with a microvaiveand
rubber septum. Prior lo photolysis, the solutions were deacraied by
repeated evacuation and argon bubbßngcycles. During irradiation, th
cuvette was maintained ai 23.6 "C. The absorbed light intensity was
determined with the Reincdce'ssalt actinometer.'* Quantum yields for
the formation of the methyl viologenMV~and PVS" radical ions were
determined from the knowtedeeof the concentrations of the species at
602 nm (MV-*. e I2S00 M"' cm"': PVS~. = 13800W cm"'). The
amount of light absorbed by Ru(bpy)j-* was determined from its ab-
Sorption spectrum. In the case of the TiOv-SiO;colloids, the amount
of light absorbed was estimatedfrom thedifference in tight intensity that
was transmittedthrough a reaction vessel containing only waterand then
waterplus TiO;-SiOj particles. In studies in which h'i/Q, production
was investigated, gas samples were taken at regular intervals during
photolysisand injected into the gas Chromatograph for analysis.

Results and Discussion

Electron Transferand H,Productionin the UltravioletRegion.
Figure 1 describes the effect of ionic strength on the generation
of PVS*~ radical anions in the bandgap-illuminated (X > 305 nm)
TK>2-SiQ^VS* systems in aajjeoassofaaanat pH 9.8. At this
pH, the TiCK-SiCKcolloids are negatively charged, since TtOj
and the silanol groups of Si(V* are ionized at pH 9.8. Figure
1 showsthat the rate and the yield of PVS*" productiondecline
with increasingionicstrength. In theabsence of added satt, the
quantum yield ^ for the formationof PVS*~is 13 X 10"*. At
0.06 and 0.14 M Nadthe quantum yields are 1_5 x 10~- and
1.2 X 10~\ respectively. The dependence of the quantumyield
for PVS~ formationob the tonic strength is attribwed to dec;
trostatic interactions between the colloids and the PVS-
anion. Also,since no photoreductionofthe PVS* charge relay
occursin the SiOi/PVS"system (i^_m a system without TiO>),
we infer that TiO;is the photoactive component involved in the
electron transfer to PVS*. Thus, at low ionicstrength,thesurface
potential oftneTiO,-SiO;CoUokl is sufficiently negative to inhibit
the approach ofPVS*~ radical anions to the immobilizedTiOj

sites. With increasing ionic strength, the electrical field of Ti-
Ov-StOjis screened and therate of reaction ofthe PVS*~ radicals
with the photogeneratedvalence-band holes ofTiO increases.

PVS- + h* + PVS* (1)

It is important to note that the photoreduction ofPVSin the

TO2-SO2/PVS''system occurs without the addition of a sa-

crificiaidectrondom>r(orhdeaaxptor)suchastriethanolainjne
for reasons that are discussedbelow.
To further investigate the rote of electrostaticforces in am-

trollingelectron transfer, methylviologen was substitutedfor PVS*.
Whereas PVS* is a zwitterion tiat becomes negatively charged
whenreduced, methyl viologen MV*+formsthe positively charged
MV* radical upon redaction. Several studies'*-"haveexamined
the photoreductionof MV** by TiOi colloids. Is the case of

i-SO colloids, we have found that the qaaatBm yield for

(14) Wegjxer.E. E^ Adamson. A. W.jr. ^m. Own. &*. 19. *. 3*.
( 15) (a) ler. R. K. TSr Owirniur^"5/&a: waey.Ne York. 1979. (b)

lier. R. K. 7%*Ca&jtf Okw/3- ^"Safeo onrfSBtaB:CanieB Uniwrsky
Press: Ithaca. NY. 1955.

(16) (a) DuoogfaoBg. D-; Ramsdeo. J^ CritzeL M. /. At C.Sac
1980./<M. 2977. (b) Moser. J^ Grit^. M, /. -*. Cte.Sbe. 19*3. /Ö5,
6547.

(17) (a) DiiiBtrijev. M.M4 Savic. D^ Mick. 0. UNozflLA. J./.i%)sr.
Cm. 1984. 5.4278. (b) Brown. G. T4 Darweat. J. R. /. C**. Sue,
Cftmn. Owr. I95. W. (c) Brown, G. T^ Drwen*.I. R^ Fte<er. P.

D. I. /. ^m. (%m.Sof. 1985. /07. 6*46.

602 nm PVS-

502 nm PVS-

SQ2nm MV-

0.OJ1
O.D.

Figure 2. Absorption transients for the produaionof PVS~(A and B
and MV-*CC)foraqueous soiMks(pH9.8) of0.5% TiO,-SiO,coiloi
wai2xlfrMP^flr2xl(r*MlV,raspecti*'.loBJcarenstl
effects: no added salt in part A and 0.H M NaCI in part B. 33"-nrr
laser excitation.

rdaction ofMV** ( = 9. x 10**) without added salt is eta*
K) that observed for.PVS O= 1.2X 10"*Jat high ionicstrengtr
(^ 0.14 M [NaC}). Fiirthennore, to contrast to the ab-
sorpton spectrum of the reduction productof PVSwhich cor-

responds to that ofthe monoinericPVS*" radical anion {X 602
nm; = 138ÖOJ0T' cm"*), the absorption spectrum of the pho-

flifV**" correspondsto that of tbe dimeric catkw
radfcal (MV"*)j{X^, - 550 bib), even when MV*+ is presen
at iow bulk concentrations in aqueoussolutions. Dimer formation

''
q

k, however, observed oaiy at high concentrations of MV".''
suggesting the buikiup of a high localconcentration of theMV"
radical cation at the negatively charged TO2-SO2 coiloid in-
terface. The electrostatic attraction between the oppositely
charged speciesalso favorsoxidation oftheviologen radicalcaiion
by the valence-band holes ofTtOj a! accounts for the relatively
low quantum yield for reduction ofMV-* compared to that of
PVS*.

Figure2 shows the respective ffansient absorptionspectra of
MV** and PVS*", following the pulsed 337-nm laser excjtatijn
ofT1O1in ti TWVSiOyMV**- and the TiOrSiOj/PVS <>*-
terns. Tbe upperand middle tracts indicate that the grow: : .>f
the PVS~ radical anion occurs over a period of 10 ms- Thei. -w-r

traceshows that the MV** radical cation (X = 603 nm) is proem
Hnmedtodyafttelaserpaise. Ctee can mfer firom these results
that the prompt reduction of MV** is due to isdoseassociation
with the TiOr-SiOi interface. Theslower growth kineticsofPVS"
indicatesthat subsequent to excitation ofthesemiconductor. PVS^
must diffuse to the particle surface before electron transfer occurs.

A comparisonof the absorption transientsin Figure 2. A and B.
shows that the ionicstrength of the solutions affects the steady
state concentration of PVS"~. At tow kic strength, the b.;ci*
reaction of PVS"" withthe photogenerated valence-bandh-
TiOj is impeded by the establishment ofan electrostatic t
between PVS" and the negatively charged TiO-SiOicuii.'--
At high ionicstrength,the negative surface potential of T5O;-S't>:
is screened and the relativerase of the reverse process (reaau>i
1) is accelerated, thus decreasing the net yieW of PVS""- The

(18) Kosower. E. M^ Cotter. J. L. J. .4m. Cfwrm. Sac. I4. *
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figure 3. Production of Hi with irradiation time (X, > 305 mn) for
iqiK.-us salarions(pH 9.8) of 2.4 TKX-SiOj coiloids. 2 X 1<T M
DO;' and 12mgL-* Ptooiloidswtth(A)nojait."cB)0.08MNaCI.aiKi
{0 0.11 M Nad.

1/2 H,
+OH*SiO,

Figare 4. Representation of electrostatic effects Followingphotojaiti-
ated electron tränst er firom TOto andexaron rdayPVSorDQS*. the

negatively charged SiOj colloidal support repeisPVS~ or DQ5~ from
the semiconductor,tiras inhibiting the bade reaction. The escaped DQS""
a recycled through a reaction with a colloidal Pt catalyst to evolve H*.

transient ami steady-state photolysis data illustrate the influence
of dectrostatic forces in controlling both the forward sad the
re. -rse electron transfer between the two-eiecrron relays (PVS
and MV*+) aad the TiOr-modified SiO^ cotais.
The possibility that the negativesurfacechargeoftit* TOj-

SiOj parties might be effectivein promoong die redoxchemistry
for Hj productionwasalso explored. In these experiments,,V,-
jV'-bis(3-sttlfcmatopropyl)-2^'-bipyridiniurn (DQS*)was used as

m electron relay. Theredox potential ofthe DQS"/DQS"~ couple
in aqueous solutions is -0.65 V (vs. NHE) and the radical anion
DQS"can reduce waterto H, at pH 9.8." Theflatband potential
of TiOj is pH dependent.'"* Atthis pH,the flatband potential
o'" colloidal TiCk is -0-.TO V (vs. NHE)*wtc a ssffidentty
: stive, thermodynamically, to reduce DQS. Figure 3 dent-
strates that bandgap illumination (X > 305 run) of the Ti-
0,-SiO, colloids with DQSand a catalytic Pt sol (12 mg/L) in
aqueous solution at pH 9.8 does indeed produce molecularby-
drogen. The quantum yield far Hj production is 1.6 X HT*.
However, the H, productionexhibits a strongdependence on the
ionicstrength, indicating electrostaticinteraction between DQS~
and the negativelycharged TOj-SiO,colloids. 0a decreasing
the ionic strength, both the yield and rate of Hj productionin-
crease, implying thatdieDQS~*radical anionwas repelled from
the surfaceof the colloid beforeback reaction with the valence-
band noies of TiO; could take place. Inhibition of the bade
reaction stabilizes DQS*~ for subsequent reaction with the Pt

catalyst and H, production. Figure4 summarizes schematically
the respective mechanismsfor electron transfer andHj production
in theTtOj-SiOj/PVSand theTiOi-SiOj/DQSVPtsystems.

(19) Furlong. D. N.;Johnsoi,04 Uomkon,A4Loder.J.W M̂ao.A.
W.-H-; Sasse. W. H. F. Aw. /. Ow*. 19*5. i. 363.

(20) Ward. M.D4 White. J.R^ Bard. A.J./. ^m. Oct.5ot 1983./05.
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Figure 5. Productiori of PVS-with irradsation nine (X > 400 am) for
6 x yr*MRa(^),-, 2 X iff* MPVS",
wits (A) so addedsait and (B) 0.12 MNad

Electron Transfer and Hi Productionin the Visible Rgion.
Several studies* have dealt withthe photosensitatioaof TiCK
parades tovis&ie light byemployingchromophoresthataserve

as electron donors to Ute semiconductor. It has been found** that
the R.u(bpy),-+ complex is a relativelypoor sensttizer for TiOi
comparedto the carboxylic acid derivativeofRu(bpy)j-* which
is electrostaticailyattached m the semiconductorsurface. The
dose association of the latter complex with tie semiconductor
surface is presumed to facilitate charge injectioninto the con-
duction band ofTKX It has been shown"*^ that Ru(bpy)j'"*"may
be electrostaticallyadsorbed to the interfaceofcaudalSiO>
We anticipated therefore that a similar electrostatic association
of Ru(bpy)3**" with the TiOv-SOparticle interfacemight lead
to effectiveelectron transferfrom the excitedstate ofthecomplex
m the conduction band of TKX Steady-state fluorescence

quenching and laser flash photolysisstudies indicated,however,
that the emission fromexcited R.u(bpy)j** is not quenched and
that r photomitiated electrontransfertoTiO^-StOJ takes place,
suggesting that the Ru(bpy>3-*may be associatedwith the SiO,
cotiotdal supportand sot with the TiOisues.
We thoughtthat the presence of a zwitterioaicelectron relay

suchas PVS or DQ5might promote electron transfer in the
TtQ*-Si(>2/Rji(bpyh-+system. For example, the redactioBof
PVSor DQS by excited Ra(bpy)j** oos rapidly in the

presence of SiO, and a sacrificiai electron donor.'"-" In this
system, the negatively charged SiOjcoUdstabilizes Eke inter-
mdiatsvioiogen radicalanion against back electron transfer by
repeffiBg the reduced PVS~or W^~from RaCbpyJj**" species
adsorbed to toe colloidal SiO> interface. Similar electrostatic
effects are antidpated to inhibit the reverse electron transfer
between the vioiogen radicalanion and Rafbpy}**" in tbe presence
ofTOj-SOCoUokk. FigBreishowsteprodBctJonofPVS"
in aqueous solution at pH 9.8 whenRu(bpy),-*is excited by
sub-bandgap light (X > 400 om).

Ra(bpy), -* PVS" (2)
Thequanrum yieW <* forPVS~ formation decfines with increasing
ionic strength. With no added salt, > = 2.4 * I(T\and at Q.I2
MNaCl thequantumyieMfcrPVS" formation decreases to 4.6
x 10"'. Theionic strength dependence implicateselectrostatic
effects in controlling the electron transfer. Theionic strength
effects suggest that the PVS*~ radical anion is repelledfrom the

.

_ ^ which the oxidized sensitizer Ru(bpy)j**
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Figur 6. Absorption transients for the decay of PVS"" (A and C) and
the recovery ofbleached RuCbpy),** (B and D) foraqueous sotuüons (pH
9.8) of 0.5% TrOy-SiO,coiloids. 3X1O"'M R^bpy),**. 2 x HT* M
PVS, with no addedsalt in partsA and B and O.I 1 M NaQ in parts
C and D. 457-nm User excitation.

is bound. With increasing ionic strength, the electrostaticeffects
diminish and the back electron transfer becomes increasingly
favorable.

Ru(bpy)3*+ + PVS- + PVS (3)
The efficient photoproduction of PVS~ in the aqueousTiO*-SiO2/RB<b^f)j**/PVS*system was unexpected since no

sacrificialelectron donor was added to the solution to recycle
Ru(bpy)/* to Ra(bpy)3**. Todeterminewhether TiOjwas the
source of electrons for the reductionof Ru(bpy)j*\ additional
experimentswere carried out. We foundthat in either the absence
of the TiOi-SiO,colloids or a system in which the TiOj-SiOj
colloids werereplaced by a SiOjSoi.no photoreduction of PVS*
occurred.Theseresults suggest that TiO;did indeedparticipate
in the conversionof Ra(bpy>3** to Ru(bpy)j**" in bask: media.
These studies also infer thatTiO; is the source of electrons for
the reductionof Ru(bpy)j**and is, in turn,oxidized presumably
by means of a surface reaction.

Ru(bpy)3*+ 4- rTiOjJTi-O-
Ru(bpy),*- + )yTA3Cn-0)z(4)

Thesurface oxidation ofTiO, by photogeneratedvalence-band
holes has been suggestedto occur during the photooxidationof
water."

Figure 6 provides information on the temporal behavior of
PVS*~ and Ru(bpy),**"in aqueous solutions with TiOi-SiOj
colloids at different ionic strengths. With no added sait, the
transient absorption ofPVS""(X = 602m13800 M""" cm"*}
is present immediately after die laser pulse but then decays to
a nonbaselinelevel in 1 ms (Figure6A). Thetransient behavior
of Ru(bpy)j**"is more complex than teat ofPVS~. Figure 6B
records the bleaching and recovery of the absorption ofRa(bpy)j**'
(X 460 nm; 14600 M"" em"'), following the laser pulse.
The bleaching and recovery of the absorption of Ru(bpy)/*
corresponds to the growth and disappearance of Ru(bpy)j**,
respectively. In ccmtrast to thedecay kinetics ofPVS~.Ru(bpy)j^
decays to baseline within I ms, indicating that RuOpyV* is
consumed by more than one pathway as may be anticipated by
reactions 3 and 4. A comparison of the transient absorptions in
Figure 6, A and B, shows that after Ra(bpy)3** is completely
consumed, no furtherreaction ofPVS~takes place over the period
of observation. From the residual absorption ofPVS"~obtained
after steady state (Figure 6A), one can estimate that 42% of
RuOpyV* is reduced by the surface groups of TiO^,according
to reaction 4. In other words,58% ofRu(bpy)3**" back reacts with
PVS"~via reaction 3. Figure 6Cshows that at high ionic strength
(O.i 1 M NaCl),the decay rate of PVS*" is substantially accel-
crated and a lowersteady-stateconcentration is reached compared

MO-

100 120

irraäianori lime (mm)
Figure 7. Productionof Hj with irradiation tune (X, > 400 nm> for
aqueous solutions of 6 x 10"' M Ruflpy>j^",2 X 10"' m DQ5. .:>' >

mg L-" Pt colWds with (A) I.2S TiOv-SiO; colkAis and (B ?
TKVSiO ikd

to the system without added salt. The rate constant^ for re-
combinationof PVS~aad Ru(bpy)j*-at O.II M NaCl k

*3 = 3 x 10* M~* s"'
which is a factor of6 higher than the system withoutadded salt.
which has a rate constant of

fcj' = 5 X 10 M" s"'
Furthermore, from the residual absorptionof PVS*"after reacr .-.g
steady state,one can concludethat about 19% of Ru(bp>;,

*

i>
consumed by reaction with the TK>2surface (reaction 4) in ;hc
presKeof0.11MNaCI Thas.Üeffectof the increased ionic
strength is to promote the back electron transfer between PVS**
and Ru(bpy)3^*at the expense of the oxjdafion ofthe TiO, surface
(reaction 4). The kinetics for electron transfer in the TiO;-
SiOj/R(bpy)3*7PVS' system a m marieed contrast to those
in the Ru(bpy>3**/PVS*system. In the homogeneous media, flash
photolysis studies indicate that the bade reaction ofPVS~ and
Ru(bpy>3^* is diffusion controlled with a rate constant of

*" = 3 x 10 M" s""

ThBvali of therate constant for recombination ofPVS*" and
Ru(bpy)3*+in homogeneous media is identical with 3 obtained
in the rrücroheterogeneous TOi-^Oi/R.H(bpy)^*/PVS*system
athigh ionicstrength. However, in the homogeneous system, the
decay kinetics of PVS""are concomitantwith and match those
ofRu(bpy>3^,indicatingthe absence ofside reactions. The results
of these studies suggest that the negatively charged TiO^-SiO;
colloids improve the stability ofthe intermediate photoproducts

Ru(bpy)3*'against bade electron transfer at low "*"<-"

^
strength. In addition, the data indicate that TiOj-SiO;
provides electronsto theoxidized intermediate. Ru(fapy)
recycling the complex for further reaction.
The possftafity that the "nOj-SKVRtt(bpy>i**/Pt system

an appropriate electron relay could be usedto photogeneratc
from water with visible light was also investigated. For h
studies, the DQSzwinerionwas employed as the electron reby.
Figure7 shows the Hj production with illumination time in the

"nOrSiO/Ra(bpy)3^/D("^/r-tsystem k aqueous media ai pH
9^. When the TiOr-SiOi conoids are present at a concentraiRW
of 1^%. a total of 300 mL of H,was generated in 90 min iih
an initial rate of 230 mL/b (Figure 7; curve A). Wh-

(22) Therecombmanon rate consuatas deitrmioed wih ose ofeq ! .*

(21)
. 19. /. 227. In
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DQS") s.

PVS- (DOS-

1/2 H,

ftgore 8. Representation of mechanisms: Following photoinitiated
electron transfer from sensitize- R.u(bpy)j-*to aa electron relay PVS
or DQS, the negativelycharged SiOj colloidal supportrepds PV5"~or

DQS*~from Ru{bpy)j**at colloidal interface, thus inhibiting the back
deciron transfer. The escaped DQS~ is recycled through reaction with
i colloidal Pt catalyst to evolve Hj. The oxidizedscnskizer. R.u(bpy)j'*,
recycled through the oxidation of the TJO* surface.

concentrationofTiQi-SiOj wasdecreased by one-half, the Ha
yield was also cut by one-half(Figure7, carveB). Furthermore,
when the enzyme Superoxidedismutasewas added m the system
after cessation of hydrogen generation, the photoproductionof
H: resumed. Along with the hydrogen production, oxygen was

also formed. The rote ofSuperoxide dismutase to catalyze Oj
productionin biological systems has been well studied.** Sa-

peroxide dismutase catalyzes Use disproportionation of two

molecules of SuperoxideQ,"to Oi and hydrogen peroxide in two

steps that are in equilibrium. Thecatalyticreaction ofthe enzyme
is---^hly specific to Superoxide. In the caseofTiCX, the mechanism
suggests the possibility for the interconversion of peroxideami
Superoxide. Sacethe equilibrium favors peroxide isthe biological
system, it seems reasonable that only a small fraction of the
oxidized surface groups of TiOi would bepresent in the superoxo
form. Consistentwith this notion is the observation that in the
TiO*~SiO> system to wiadx Superoxidedssmmsisse 3311 been &ddeQ,
theamountof Cvproduced represented about 15%ofthe expected
hlstoichiometricratio of O^/Hi- Severalother studies^* also
implicate peroxo or superoxo compoundsas theoxidized product
of surface TiO> groups. The dependence of the H2 production
on -.'te concentrationof the TiO,-SiO;colloids can thus be ex-

plumed by the decline in the number of surface Ti-O" groups
availablefor the reductionof Ru(bpy)j'*. Similarly,the leveling
off of the H-, production with illumination time is likely due1
the exhaustion of Ti-O"groups available for the reduction{or
recycling) ofdie oxidized Ru(bpy)j** specks.

In the absence ofRu(bpy)j^*, sub-bandgap irradiation (X^, >
KS) nm) of the TTOi-SiOi/DQSVPtsystem did not produce
molecularHj. Howerör. iHumiBa&m @f the TKV-SKVIX^/Pt

r.*> Malmstrom.B. G.; Andreasson. L. E; Ranhammer. B. In TS-
.. Boyer. P. D EU: Academic Press: New York. 1975: VoL 12B.

. :) (a) Bfcldey. R. U JayaatuR- K. M. ffiaaar. ivir*gf.5bt 1978.58.
(b) Manaers. G4Rives-Area. V4Sancedo. A. /. C&wtSoc-/aroi^
t. /. 1979. 75. 73. (c) Duongfccmg. D4 Grosi. M. /. C**m. Soe,

C5wi. Crnn 1984. 1597. (d) Oosawa. Y^Grad.M. /. C&en.5oe.
Cl#m. QwBmut 198*. 1629.

system with bandgap irradiation(X > 305 nm) did generate Hj.
The Ru(bpy)3-*sensitizerwas thus an essential component for
the visible-light-inducedproduction of hydrogen. The quantum
yield for Hi production was markedly dependent on toe ionic

strength. Withno added salt, the quantum yield 0 for Hjfor-
mation was 1.4 x IC*. At 0.12 M NaCl. the quantum yieM was

2 X 10"*, representing a factor of 7 decrease with respect to the
solution with no added salt Thedependenceof the quantum yields
for H; production on ionicstrength illustrtesthe importanceof
electrostaticeffectsin Controlling electron transferand the sub-
sequent photogeneration of molecularhydrogen. Figure S is a

conceptualrepresentationof the mechanism at tow ionicstrength.
The negative surface chargeof the TiCU-SiO, colloid stabilizes
the DQS*~and Ru(bpy)j'*intermediates against back electron

transfer, thus allowing the DQS~ reaction with the catalytic Pt
colloid to produce Hj. Ru(bpy)j'* is convertedto Ratbpy),**"
by oxidationof the TiCX surface. Theoxidation of the TiCX
surface thus recycles the sensitizer fix- further reaction. The
decrease of the quantum yield for H;productionat high tow:
StTGf$&!Eu S uHC $0 uSC w3mPCIHUB Of tC ne^S^^C^JTiitCC ffl^C^yiiäl
of the TiOj-SiO2colloids,resulting is the facilerecombination
of the intermediatephotoproductsDQS~ and Ru(bpy) j^*.
Final Remarks

Thisstudyhas demonstratedthat electrostatic effectsproduce
a dramatic improvement in the kinetics for chargeseparation and
fuel generation in illuminated coUoidal or particulaie semicon-
doctorSystems. Titanium dioxide was unmobQized ob negatively
charged SJOiCoUoids. Direct excitationofthe semiconductoror
an electrostaticallybound sensitizer initiates electron transfer to

aneutrally chargedzwitterionicrelay. Repulsion of the negatively
charged reduced electron relay inhibits the reverse electron

transfer. The reducing pewer of the reduced electron relay serves

to generate molecularhydrogena the presence ofa Pt catalyst.
Surfaceredox reactions between Ti-O"groups ofTiO, and the

photogeneratedvalence-band holes or the oxidized sensitizer

probably form peroxo or superoxo groups. Theability of TKX
to store CK as an intermediate peroxide provides a potentially
importantmechanismfor achieving the separation ofH;and Oi
in dispersed systems. Heat treatment and additivessachasmetal
oxides havebeenemployed to regeneratethe surface-oxidized TiO;
wiih the accompanying release of molecular oxygen.^ Theuse
erf enzvmes suchasSuperoxide dismutase is an alternativeapproach
for the regeneration ofTiO, and thedischarge of surface bound

oxygen. Funkerstudies are now in progress to characterize the
surface oxidation product of TiO^ and to determine the effec-

tiveness of enzymes to dcompose it to molecularoxygen.
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The production of fuds and useful chemicals with the aid
of solar light energy is a long-term challengein chemistry*~*
The use of light energy to drive endoergk processessuch as

photocleavage of water (1) carbon dioxide reduction [(2)
and (3)] and nitrogen fixation (4) exemplifies possibilities to

convert abundant raw materialsto fuel products. One could
also envisage more complicated pathways to utilize solar
energy in synthetic routes. For example, the stepwise reduc-
non of CO, to acetic acid and pyruvic add [(5) and (6)]
followed by reductiveanimation(7) to form alanine, demons-
trates an endoergic synthesisof an amino acid. Thus, deve-
lopment of such solar light driven process might have a
substantial impact on fuel and feedstock resources.

H,O -

C0,-f-2H,O

M,-r3H,O - Ij i

2C0i-r2H,O - CHjCO,H-!-2O,
5CH,CO,H-i-2CO2

CH,COCO,H+NHj - CH,CHC
NH,

(1>

(3)-

(4)

(5)

Nature has developed impressively sophisticated media-
aisms for utilizing solar fight in the energy storage and for
synthetic purposes.* * The photosynthetic cycle coupled to
the heterotrophk cycle |fg. I) reveals the fundamental
pathways for light storage and subsequent synthesis of pro-
ducts. In the photosyntheoc cycle, the formation of carbo-
hydrates from CO, is induced by light energy. The coupled
cataboüc cycle uses the products of the primary cyde as an
energy source and origin to construct the building blocks
required by the heterotrophic organism for synthesis. Photo-
synthetic model systems aim to mimic the natural system to
the extent that solar light is used to drive the conversion of
abundant compounds to fuels and useful chemicals. Photo-
sensitized electron transfer reactions using visible light
( Hf. 2) offer the bask for the conversionof light energy to
caemkai energy. Applicationof artäidai paotoseasiäzers *

to accomplish electron transfer reactions and means to
stabilize the pfaotoproducts in organized microenvi-
roaments "->* have been extensively investigated is recent
years. Although most of the efforts have been directed Go
the utilizationof the photoproducts is the photodecomposi-
üonof water (L e. hydrogen evolution), no general approach
to apply the electron transfer process for synthetic purposes
is available.
A schemefor the constituents of a photosyntheticmodel

system is suggested k Figure2, where fixation of CO to
methane is exemplified. In this system the primary photosen-
sitized electron transfer process yields the single electron
transfer product. A", exhibiting thermodynamiccapability

I. Scheme of the biological photosynthetic and heterotrophic cycles. The following abbreviations are used: ADPadenosine
diphosphate. ATP-adenonne mphosphate, K-inorganic phosphate, F^-P=fruaose-6-phosphate, PGA-phosphoglyccric acid. NADP*/-^'ADPH nicorinainide adenoindinucieotide phosphate couple. R-5-Pribulose-5-phosphate. R-L5-DP-nbuiose-(.5-diphosphate,T--P-triose-3-phosphate.j-Kgtu-q-ketoglutarate, Qt-citrate, Fumfumarate.(Hl-metabofkally bound hydrogea. ISCisoatrate.Mai-
snalate, OA oxatoacecate. Succ-tuccinarc. Succ-CoA-iucdnate bound to coenzyme A.

^otjvEAu journalDECHlMlEmEWtournai. OF CMEMsntr. vol It. .V 2-1987. 0398-983^87a 109 13/S 3.30/ CNRS-Gauihier-ViHars
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Figure 2. Scheme for the constituentsof a photosynthetic mode!
system.

to reduce CO,. Nevertheless, the system should also exhibit
favoured kinetics to allow the process. This is accomplished
by the introduction of two constituents: a charge relay, (R),
and a catalyst, (Cat). The function of the catalyst is to

activate the substrate, i e. COj. Thecharge relay, R, accumu-
iates electrons from the single electron transfer product, A".

Proper coupling of the reduced relay, R(ne~), and the cata-

lyst activatedsubstratemight then result in the multi-electron
reduction of CO, to methane (8).

Thus, the constructionof photosyntheticmodels involves the

design and selection of constituents that operatein a synchro-
nie mode to accomplish the desired process. Nature has
constructed such organized systems, where enzymes and spe-
dfic cofactors function in substrate activation and charge
accumulation.

Recentstudies in our laboratory artemp to construct bio-
models and artificial models for photosynthesis. The bio-
model attemps to regeneratenatural cofactor by a photosen-
si^t^^q ctccxrop yr?iTffiwfff oroccss inrnfl^cä öy syttJöcGC igzfc**

dients. The regeneratedcofactor is then coupled to enzymatic
synthesis. The artificial models represent attempts to cons-

truct tailored constituents that mimic the natural systems by
artificial means. This report is aimed to summarize the
progress is these complementarysubjects ami to emphasize
future perspectives.

Phorosyntheticbio-models

PHOTOSENSITIZED NAD(P)H REGENERATION SYSTEMS AMD TKHR

SYNnTlC APPLICATION

1,4-Dihydronicotinamide adenine dinudeoode, NADH,
and 1,4-dihydronicotinamide ariettwH dinucleotide phosphate

{NADPH) are essentiai cofactors in many enzymatic
oxidation-reductionprocesses. Specifically,in natural photo-
synthesis. NAD(P)Hacts as a charge relay that accumulai
the electrons transferred by photosystem II and participates
as cofactor in the enzymatic COi-fixatioa. Therefore, the
development of photoinduced NAD(P)H regeneration pro-
cesses coupled to enzymatic reaction might establish a gnerai
synthetic route.

We have developed " " photosensitized regeneration sys-
terns for NADH and NADPH ( fl. 3). The regeneration
processes are based on the photoinduced production of N.
N'-dimethyl-4. 4'-bipyridinium radical cation, methyl vioio-

gen radical (MV^). For the regeneration of NADH
(.fig. 3a), Zn(II}-meso-tetramethyi pyridinium porphyrin.
Zn-TMPyP**, is used as photosensitizer and mercaptoetha-
not as an electron donor. Upon illumination by visible light
{X>400 nm) the photosensitized reduction of MV*" pro- ]

^sK /^ZTMP,

FOR

Figure 3.
NADPH.

Photosensiazed regenerationscheme for (a) NADH

ceeds. In the presence of the enzyme Spoamide dehydrogt-
aase (LipDH, EC 1.6.4.3), the artiftcial charge relay MV~ ;
mediates the reduction of NAD* to NADH. The second

cofactor, NADPH, could be similarly regeneratedby a pho-
tosensirized electron transfer process. For NADPH rgnra- >
tion {iTy. 3&) Ru(II)-a-ts-bipyridix*e, Ru(bpy)|*, or Zn-.
TMPyP** are used as photosensirizers and mercaptoethanoi i

or (NHJjEDTA are used as electron donors. In this system

photogenerated MV mediates the reductionof NADP* to

NADPHk the prese of the enzyme fenedoxm-NADP'-
reductase, (FDR, E.C I.1S..2). The panöan yield for
NADH formation is <p5xicr\ while dial for NADPH

produetioa correspoad to p= 1.9 x 10"*. ft should be noted
that NADH regeneration could not be accomplished with

COOT

^' COO- (g)

* (5)

Ftgore 4. Application of MV regenerationcydes in Synth:routes: (a> NA.DH coupled synthesiSL (*) NADPH coupled synthesis.

NOUVEAU JOURNAL DE CHIMIE. VOL i I. ^* 2-J**>*
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*" ^?L/* * Phocosensiuzer. A detailed study reveals
thai NADH acts as an^electron donor for the oxidized
photoproduct. Ru (bpyjj , resulting m a short circuit in the

,ysm. that prevents the accumulation of NADH.

R-

CH.CO7

CHXO"

ill

been coupled i f. 4a) to the reduction of pyruvtc acid (1)
to iactic acid (2), in the presence of ehe enzyme iactate
dehydrogenase (LacDH. EC 1.1.1.27), to the reductive ami-
nation of pyruvic acid (1) to alanine, (3), with the enzyme

OH

+CH,CCH;CHj
H

ACT~33 kcai/mol

19

- R-NHCH,CO7+.CHjO+HCO,--r"OX- C -CH,CH,CO

O

O,CCCHj

OH
I

.? O.CCCH,

AC-7kcai/mol.
OH

H

'A

H

(10)

(in

(12)

(13)

The photosensitized regeneration of NAD(P)H enables
the coupling of these systems to enzymatic synthesis. ** *
Figure 4 presents several of the accomplished photosynthetic
processes: The photoinducedNADH regenerationsystem has

akniiie dehydrogenase (AlaDH. E.G 1.4.1.1) and tt> the
reductionof acetoacetate (4) to ß-hydroxybutyraie(S). Sä-
larly, the photosensitized NADPH regeneration cycle bas
been coupled ( Ff. 4) go the reductionof 2-butanooe (6)

5 10
Uumnascn nt (hours)

A

Rausof products formation as function of illuminationmitt via photosensitizedHAD(PI H regenerationcyder A. Products
formed by NADH: Aalanine; ax point cadditionof 2-mercaptoetnanol. 4x10"* mot.I"'; at point i-additionof 2-mercaptoethanol.
2.3 x 10"*mc4.l~'.. lactic acid: at point a and i-additionof 2niMteapioetiiaBoJ,3.3 x 10"* moi.r'.ö-iW?droxybiKyrieackL EL Prodaas
formed by NADPH: . 2-butaiK>fe at point a-addition of (NHJjEDTA, 2x 10~* moJ.1"'; at pomts A and c-addition of (NHjjEDTA,
1.7 x 10"*mol.r'. A-glutamic add; at point d-additionof 2-merciptoethanol. L2x 10"* mot.!"'; at point -addidoo of 2-mereaptoethanoL

" " JOURNAL OKCHEMöTRY.VOL. 11. N* 2-1987
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to 2-butanol (7), with the enzyme alcohol dehydroeenasc
(AlaDH, E.C 1.1.1.2), and to the reductive amination of
ketoglutaricacid (8) to giutamic acid (9) in the presence of
the enzyme glutamate dehydrogenase (GIuDH, EC 1.4.1.4).
The net light induced processes mediated by the NAD(P)H
regeneration cycles and their energetic balance are summari-
zed in equations (9)-(I3). It can be seen that most of the
processes are endoergic photosyntheticroutes.

Whenever enzymes are excluded from their native environ-
menis and espadaily when introducedinto mediathat include
chemical ingredients the stability of the enzymes must be
considered. The rate of formation of the different products
as a function of illumination time is displayed in Figure 5.
As an example, the photoreduction of 2-butanone (6) to (7)
will be discussed: It can be seen [fij. 5 B()j that the
formationof (7) levels off as illumination proceeds. This is
a result of consumptionof the electron donor required for
the photochemical raction. Readdition of the electron donor
to the system at the marked time intervals restores the origi-
nal activity of the system towards the redactionof (6). and
by stepwise introductionof the electron donor the activity
of the system is maintained for prolonged illumination. Simi-
lax long term activities ofthe other photosyntheticsystems
are also observed.
The turnover numbers(TN=nomber of moles of product/-

number of moles of ingredient) of the different ingredients
included is die enzyme catalysed reactions, axe summarized
in Table L It is evident that high conversionyields are obtai-
ned, and that all of the components and particularly the
enzymes are effectively recycled in the photoinduced chemical
transformations. Furthermore, smee enzymes aie applied,
chiroselectivity in products formation k anticipated. The
optical purity of the differeax products is also summarized
in Table L As expected the optimal purity of the products is
close to 100% in most of the reactions.

Enzyme catalysed synthesis through the regeneration of
the NAD(F)H cofactors has been a subject of extensive
research in recent years. Specific efforts have been directed
towards the chemical regeneration to NAD(P)H. This
method of chemical rgnration of the cofactor is exempli-
fied in Figure 6a, where alanine is synthesized via rgnra-
non of NAOH by an alcohol and the enzyme alcohol

Table L Turnover numbers (TN) of die componentsin die different i

dehydrogenase. Yet, the cydic process reveals its disadvanu-
ges and limitations. Since the enzymes are reversibly active.
product accumulation will result in the reverse reactions ana

the system will reach an equilibrium state controlled by the
specific thermodynamics of the process. Thus, for endoergic
synthesis (AC'^0), a composite of equilibrium products is
obtained and limited amounts of the desired product can ,

be accumulated. These disadvantages are resolved by the
"

photochemical regenerationapproach. Supply of light energy
{.fig. 60) constantly forms the reduced cofactor and products
are accumuiateed as long as illumination proceeds. Const-
quently, the photosensitized regeneration of NAD(P)H
allows us to drive endoergicphotosyntheticprocesses. ;

CHjCHO

Chemical Regeneration

AO*-

OH

NH,

(3)

AcDH
CHjCOCOjH (1 )

AloOH +NH

Photochemicol Regeneration

H (3)

UpOH AiaOH

Figure 6. Chemical and photochemical regeneration of
NAD (P) H: (a) chemical regeneration and application in synineita.
(ft) photochemical regeneration and application m endreu.

syxuctcsis*

The light active compounds used for the regeneration of
the NAD{P)H cofactor were homogeneous, water soluble.

photosensidzers. la a slightly different approach we have

applied semiconductors " in the form of powders or colloids
as the phoiosystem that induces the regeneration of these
cofactors. The photosensitized regeneration of NAD(P)H
was accomplished with CdS-semiconductor powders or col-
bids (X>400 nm) or by wide band gap excitation
(X>400 nin) of TiOa. The regeneration system with CdS is

atalysedreactions.

Ru(bpy)f* ZnTMP^* MV** NAD(P)' Eszymcs

% Final Initial

% Optical product Subsrate
Conversion purity (M) (M)

2-butanol 530

Glutamic 225
add
Lactic
add
Alanine

ß-hydroxy-
butyric acid

4,500

7.900

1.90O

15

13.5

19

Z4

40

15

27

27

10

FDR'
14x10*
FDR
9.75 xl0>
IipDH*
5.67 x tO*
UpDH
1.7x10*
UpDH
5.2x10*

ALDH'
6x10*
GluDH'
1.26x10*
LDH'
4.15x10*
AlaDH'
3.2x10*
ß-HBuDH'
8Jxl0*

27

13

27

38

21

10010

997

94+7

78-7

10510

4.05x10"*

Ux 10" *

2.7x10'*

3.8 x 10--

9.4x10"'

0.15

0.1

0.1

ai

4.52x10'-

* F.W.^40.000: Shin M~ .Wetiwxij c.mit. 1971. 23, 441. F.W.s 70.000; Sträub F.B tioctew. J.. 1939. 33, 787. F.W.a4O.000(ref.'

' F W. =2^200.000; Swnd H.. Burchard W.. -. J. Swcfcem- 1968. 6. 202. e RW.st40.000; Jaadce R_ KnofS.. Ear. i. Äoc^.. 968.

57 ' FW 128000 Yhd A F E Sift Sj^v .-a, 1964. 92. 33. F.W.aS5.000:Bergmeyer H.U. er (i Blocfew i *F . =2^200.000; Swn
157. ' F.W. =,128.000: Yoshida A.. Free E, Siocft.

102. 423.

Blocfew.

^^otvF*lxH.;Rsl,LrFa^^vlltvoLH.



MODELS KOR PHOTOSYNTHESIS 113

COQ*

hco

Figure 7. Photosensitized NADH regenerationwith CdS semiconductor parades awl their syntheticapplication.

schematically presented in Figure 7. In this system conduc-

tion bandelectronsgenerate MV while formate is used m
the electron donor that scavenges valence band holes. Hie

photogenerated MV* mediates the formation ofNADHor

NADPH with the specific enzymes described previously.
Similarly, these photoinduced regenerationcydes have been

coupled to syntheticroutes, i. e., the pbotoreduction of oxa-
loacetic acid (10) to malic add (11) and the reductive amina-
non of pyruvic acid (1) to alanine(3) have been accomplished
by the light driven NADPH regenerationcycle.

WO-MOOELSFOR IOTONOUCEO CO;-HXATJON
Carbon dioxide fixation in the photosynthetic apparatus

is a complex sequence of enzyme catalysed reactions. The
net process corresponds to the reductionof CO^ by NADPH
with the participationof AT? (14). The NADPH cofactor
is formed in the light induced electron transfer process and
acts as a charge relay for electrons nmncHcri by photosys-
tern IL The primary step in the CCK-fxationmechanism
involves the reductive incorporation of CO, in an acceptor
molecule (A), (15). In turn, variousdccarboxyiatioareactions
occur in the catabolicdegradation pathwayof the heterotro-
phic cycle.

6 NADPH+12H,O+-12ATP-HiCO,

A-CO 151

(14)

For example, isocitric acid (12) is decarboxylatedto fcetoglu-
tarieacid (8), in the Krebs Cycle (16), or malate (11} formed
in this cyde is decarboxyiatedto pyruvic acid (1) (17). Both
of the decarboxyiationreactions involve the concomitant
conversion of NADP* to NADPH. Thus, we realize that
CO, incorporation in photosynthesisand CO>-eihnination
in the catabolic degradationprocess is accompanied by the
utilization or production of the NAD(P)H cofactor. The
capability to rgnra photochemically the NAD(P)H
cafactors and to coupie the photogenerated cofactor to

endoergic enzymatic synthesis, might establish a means to

reverse the catabolic decarboxyiationprocess to CO^ photo-
synthetic reactions. That is, photochemtcaily regenerated
NAD(P)H might act as cofactor for the enzymatic CO,

incorporationto organic acceptor molecules similarly to the
CO,-fixation mechanismin nature.

OH

OX-CH-CHCHjCOr+NADP-
!

"

(16)
coj
o

OjC-C-CHXHXOr-t-COi-f- NADPH

RSH

hco; (12)
H

a s Rsrredown - NAQP*- rftductase

b Malic enzyme

S. Cveiic Miemefur the photosensitizedCO.-fbutk to foras maiic acl. isodtnc acki and formic Mad.

c = Isacfrra dehydrogenose
d= Formate
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OH
I

"

OjC-CH,- CH-C07-rNADP-

(II) O (">

- CH3CCOJ+CO1+ NADPH

(1)

We have succeeded in developing these COz-fixanon pro-
cesses by photo-induced regenerationof NADPH ( füg: 8). *
The photochemical system consists of Ru(II)-tris-bipyridine
as photosensitizcr, N, N'-diroethyI-4,4^-bipyridinium, MV**,
as primary charge rday and two different thiolates as sacrifi-
dal electron donors: for malic acid production,2-mercaptoe-
thanol (13) is used as electron donor, while for isodtric
formation dithiotreitol (14) is used as an ultimate donor. The

light induced ' generated MV * mediates the reduction of
NADP* to NADPH in the presence of ferredoxia-NADP*-
reductase (FDR, EC 1.18.1.2). The photogeneraied
NADPH cofactor is coupled to the appropriateCQj-ineopo-

rating enzymes: isocitrate debydrogenase fICDH,
EC 1.1.1.42). or maüc enzyme (ME, EC 1.1.1.40). lUunu-
nation of these systems in the presence of the organic accep.
tors: pyruvic acid (1) or ketogiutaric add (S) under CO,
results in the formation of malic acid (11) and isodtric acid
(12). The rates of formation of malic add (11) and isocitnc
acid (12) are displayedin Figure9. The turnover numbers
of the different components included in the CCU-fixation
cydes are snmmari?ed in Table IL It should be mentioned
that the enzymeICDH had to be immobilized on a polymer
support to eliminate its rapid deactivation in an aqueous
solution. Theenzyme was immobilized *' into a cross-linked
polyacrylamide gel and exhibited high stability in this from.
It is evident from Table H and Figure 9 thai the enzymatic
CO2-fxation processes exhibit high stability, and products
are accumulated as long as the systems are illuminated.
The net processes accomplished by the tight induced reac-

dons correspond to the reductive COj-incorporation into
keto-acids via oxidation of the thiols. The thenoodynamic
balance of these reactions is summarized in equations (IS)
and (19). We condude that the formation of maiate (11) (Q-
compound) from pyruvic acid (Cj) and CO; represents an

energy storage K-photosyntheticprocess.

0 2 4 6 8 10
BhjimnoooB Mm* (Dom)

A

Figure 9. Raie of CO,-fixation products formation as a function
of Oluminanon tue [Ru(bpy)^*]-2.1 x 10"'mol.l"',
[MV*]-1.9x10"* mol.r f>fADP*]-l.7x 10"* moi.!"',
FDR0.2 units. A. Isocitric acid formation; [ketogiutaric
acidl-4.1 x 10"* sei.!'*, [döWoilaeitol|-8Jxi0-*aiol.r',
ICDH-0.47units (immobilized on PAN), (a) and (b)-addition of
5xl0~* mol.I"' dithiothreitoL B. Mafic acid formation: [pyruvic
acid]4.7x10""* moLl"*, [mercaptocthanoi}1.9x10~* moi-I"',
mauc enzyme1.33 aniu. (a) ami (6)addition of
mol.r'

CH,COCOJ
(1) (13)

OH
(18)

SH SH

-OjCCCH,CH,CO,--

CH

6-CH-

+CO,
BO

- -Oj-CH-CHCH,CO

CC (K)

S S

(19)

+H*
HO OH

ACP-0

Fnay, we were able " to reduce COj to formate.
HCOjT, using an arafidal photosystem and the enzyme for-
madehydrogenase (FDH, EC 1.2.1.2) as bocaalyst. This

Table IL. Turnover numbers (TN) of componentsinvolvedin the COj-ftxatioa piocesses.

Maiicacid
Isodtricadd

Ru(bpy)f-

118
136

MV-

58.6
11.4

NADP*

6Z2
11.4

FDR'

2.3x10*

Maüc
cxtzynK

7.4x10

ICDH'

5.5x10*

Conversion

24
4.6

FW 2*40.000: f: Shin M, MikEarmiot. 197!. 23, 441. FWä28Q.O0Q; c/".: Hm R. Y., Lardy H. A, J. BW. CAon,
' FWaSS-OOO:cf.: Cotonan R. F.. J. Sm/. Cteit. 1968. 243. 2454.
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enzyme is NADH dependentand catalyses the oxidation of
HCO to COi (20). Thus, the ptotoinduced regeneration of
NADH might provide

HCOr+NAD* - (20

a light induced process to reverse this reaction and drive the
reduction of CO; to formate. Studies along this direction
reveal interesting observations. We find that the enzyme
FDH is non-specific and various pfaotogeneratedbipyridi-
oium radical cations mediate the reductionof CO-, to formate
directly without the participation of the NADHcofactor but
in the presence of the enzyme FDH. In these systems
Ru (bpy)* is used as photosensttizer, cysteine is used as

sacrificial electron donor and one of the following bipyridi-
mum salts as primary electron acceptor N, N'-dnnetbyi-4,
4'-bipyridinium, MV*+, (15a), N, N'-dimethy-2, T-bipyridi-
nium, DM" (16), N.N'-trnnethyiene-2,Z-binyridmiam,

(17), and N, N'-tetramethyfene-2,Z-bpyridinium,
(18).

(15) R
(19) R

CH,
C.H.,

(16) (17) (IS)

Illumination of these systems ander COj and ta the pre-
sence of FDH results in the formation of formate ( H?. 10).
The highest quantumyields are observed with MV** and
DT** as charge relays, <p->l.6x 10~*. The net process
accomplished in these systems corresponds to the redaction
ofCO, bycysteine {(21) and H?. 8], a process being endoer-
gtc by ca. 12.5 kcal/moL

'c?
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Rgare 10. Rate of formate. HCCX, formanon as a function
of illumination time using differentcharge relays: [reiay] I x IO~* -

cor
1

'

.

2 HS-CH,-CH-NHj
cor

(21)

We conclude that bio-modelsconsisting of an artificial photo-
system conjugatedto biocataiysts provide phoiosynthetic sys-
terns.

ARTIFICIAL PHOTOSYNTHETJCSYSTEMS

The construction of photosynibetic bio-models reveals
important guidelines to develop entirely artificial photosyn-
tbetic models. The design of an artificial photosyntheticsys-
tern is schematically presented in Figure 11. The system is
constituted of two units: one unit acts as charge relay that
accumulates electron from the single electron transfer phc-
toproduct. A", and forms the raulti-ciectron reduced relay.
R (ne). Thesecond unit is a catalytic site, where the substrate
is activated towards the specific reductionprocess. Coupling
of these two units in one configurationmight resemble the
enzyme-cofactorrelationship, and lead to the desired photo-
synthesis by reductionof the activated substrate by the charge
relay R(n).

Artificial System

Photosynthesis

Ftgme 11. Schematic constitution of an artificial photosynthetic

We were able to construct artificial phoiosynthetic systems
along these guidelines. The approach involved the develop-
ment of the separated relay and catalyst units. These were

then organized in united photosyntheticdevices exhibiting
various characteristicsof the natural system.

FORMATION OF MULTI-EIECTRONCHARGERELAYSBY PHOTOtNOUCED

STNCLBJECTRON TRANSFER REACTIONS

A simple mechanism to envisage the transformation of a

single electron transfer product to a multi-dectron charge
relay is the disproponionation of the former species (22).
The equilibrium constant, X* of this process is controlled

by the reduction potentials of the single electron transfer

product.A *, and the doubly reduced species A', [f and t
respectively, (23)1-

2A- ss A=+A"

A- 5 A' 5
(22)

(23)

l. i
" '. FDH0.89 units.
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Usually, the reduction potential to form the doubly reduced
speaes, A', is substantially more negative than that for the
single electron reduction product, A ". Hence, the eqtiibrium
ties overwhelmingly towards the single electron transfer pro-
duct and the formation of the two electron transfer charae
relay is unfavoured. Nevertheless, this situation is valid ..uly
in a homogeneous phase and might be rather altered in a

properly organized two-phase system " ( Hg. 12). Assume
that we design a water-oil two phase system, where the
oxidized form, A*"\ is hydrophilicand merely water soluble,
while the single electron transfer product exhibits hydropho-
bic character and prefers solubilization in the oil media.
Under these conditions, pbotoreduction of A** in the
aqueous phase will result jn toe formation of the single
electron transfer product.A *, that is extracted to the organic
phase. Disproportionation of the single electron transfer pro-
duct in the organic phase will result in two products of
opposite solubility properties. While A' is soluble in the
oil phase. A** is extracted back to the aqueous medium.
Consequently, the disproportionation equilibrium win be
shifted toward towards the formation of the two electron
charge relays. Thus, by proper design of the hydrophobic-
hydrophilic character of the acceptor and its reduced pro-
ducts, induced disproportionationof the single electron trans-
fer product to the two electron reduced relay might occur in
a water-oil two phase system.

Organic
Phase

soiubiiized in the organic phase and thus the construction of
the proposed configuration of rciay-cataJystcan be envisaged

Furthermore, induced disproportionation of a single
electron transfer product in a two phase system might offer
a model for the formation of the multi-electron char relaysin nature. Since reactions in natural systems occur in hydro-
philic-hydrophobicmicroenvironments, we beüeve that simi-
lar induced disproportionationmechanisms might play an
important role in the formation of the electron relays.

12-

as-

o
d

as-

03-

KO X SO 300 5 COO
WWELENGTH/om

340 400 430 500 55O 600
WAVELENGTH/ran

650 700

Woier 2+-

Rgnre IX - Absorption spectraof disproportionation products of
photogenerated C,V": (a) Composspectrum of C,V and C,Vin ethyi aie:(*) spectrum of C,V in eihyi acetaic afar substrac-
tion of the QV '

spectrum: f c) spectrum of photoproduct in toluene.

Figure 12. Induced disproponionalion of a single electrontransfer
product in a water-oiltwo phase system.

We have found that N, N'-dioctyi-4,4'-bipyridiinum, octyi
viologen, C,V**, (19), and its reduced products meet the
desired hydropfauic-hydrophobie balance. " That is, the oxi-
dized form C,V** is merely soluble in water, white the
reduced product QV" is hydrophobic since one of the posi-
tive charges is removed. The results of illumination of a
water-oil two phase system that includes the photosystem
Ru(bpy)f* as photoseasirizer, octyiviologen, CgV**, as
electron acceptorand ammonium ethylenediamine tetraacetic
acid, (NHJjEOTA, as electron donor are shown in
Figure 13. This photosystem is soluble only in the aqueous
phase. Illuminationof the unstirred two-phase system produ-
ces octylviotegen radical, QV' in the aqueous phase. Yet,
upon stirring, this, radical is extracted to the organic phase,
and a new species is formed. The absorption spectrum of
this pbotoproductis consistent with the formation of the
two electron charge relay C,V:.
We conclude that a photogenerated single electron transfer

product undergoes induced disproportionationin a water-oil
two phase system, provided that the proper hydrophilic-
hydrophobic properties of the electron transfer products
exists. The advantages of such system seem obvious:

(i) The induced disproportionation product, CgV\ is a

powerful reducing agent as compared to the single electron
transfer photoproduct, CgV*.

(ii) The formation of the two electron charge relay in
the organic phase allows its coupling to specific catalysts

PHOTORHMXnON OFCOjTO CH*
The development of speciTic catalysts for photosynthetk

processes is certainly a most challenging subject. Homoge-
neous and heterogeneous catalysts were applied in various
photosensitized transformations. For example. H,-evolution
has been extensively studied using photogenerated viologen
radicals in the presenceof Pt or Rh colloids. **~" Similarly,
homogeneous ruthenium complexes of the type
[RuLj{H2Q>F* have been applied **

as mula-dectron
charge relays for the reductrvephotodeavage of acetylene to
methane (24).

- 2CH*

The subject of CO, photoreduaion is particularly interesting
since it simulatesnatural photosynthesis. Recently,we were
able to accomplish the photoreduaion of COj to methane
(25). The proWematickyin developingcatalysts for artificial
photosynthcticsystems, will be exemplified in relation to this
process.

Carbondioxide activated by ruthenium metaL This pro-
perty of the Ru-catalyst is the basis for the methanation
process (25) as well as for the dectrocatalysedreduction of
COj to CH*. Thus, we attempted " to reduce Ru-activated
COj by a photogenerated relay compound.

COj-MH, - 125)
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I- S J

150

Figure 14. - Rate of H, and CH* formation usiag cOTereat charge relays [Ru{bpy)']=1.4x 10T* moi.r'. [TEOA}0U7 raoLl"',
[RelayJ=1.4x ICT* M: Ru-coHotd-20rag/k A - H,-formaon. B-CH^onnation.

Illumination of an aqueous solution that includes

Ru(bpy)|^ as photosensitizes, triethanolamine, TEOA, as

electron donor and one of the electron acceptors (16)-{18)
and (20) yields a mixture of gaseous products ( Kg. 14). The
majorproduct is H, while a minoramount of methane (CHJ
and higher hydrocarbons(ethyteneand ethane) are also for-
med. The formation of the hydrocarbons is accomplished
only in the presence of the Ru-colloid. and in the presence
of other metal colloids. i. e_ Pd. Pt or Rh-colloids only H2-
formation is observed.
Thus, the Ru-colloid exhibits non-spedficityin its catalytic

activity, and H, evolution as well as CO; reductionoccur
simultaneously.Yet. an important conclusion that CO, is
indeed activatedtowards reductionin the presence of the Ru-
metal. The reduction of protons to H, is thennodynamicaily
favoured over the reduction of CO,. Therefore, a> increase
specificity towards CO, reduction,introductionof a kinetic
barrier (overpotential) towards H,-formanoa is desirable.
This approach might be accomplished either by substitution
of the catalyst or the relay in the system.

3 4

Irradiation ttme [hoursI
Figure 15, Rate of hydrocarbons formation as a function
of illumination lime [Rutbpz)""]= I x 10"* mot.I"'. fTEOA[
=0.17 mol.f. Ru-coUoi=2Qra#l

It is well established that Ru(II)-tris-bipyrazine, (21),
Ru(bpz)^, is oxidariveiy quenched by various electron
donors * to fonn Ru (bpz)J. The reduced product is a

powerful reductant,

E[Ru(bpz)Ji/[Ru(bpz)f*H-a86Vvs. SCE,

capable of reducing CO,. Interestingly, Ru f bpzjj" does not

mediate H,-evolutionin the presence of Pt-coiloids," and so
it meets the overpotential properties towards H,-evolution.
Illumination of an aqueous system that indudes Ru(bp2)|*
as photosensirizer, triethanolamineas electron donor asd Ru-
colloid as catalyst under a gaseous COj atmosphere results in
the reduction of CO, ami formation of hydrocarbons:
methane. CH*, is the major product while ethylene and
ethane are also formed ( Hf. 15). The quantum

(21)

yield for methane formation is ip=Q.04%. No H,-evoiution
is observed concomitant to methane evolution or in the
absence of CO,. The origin for the specificity of the system
towards CH formation by the reduced relay Ru (bpz)j has
been elucidated by laser flash photolysis experiments
( fig. 16>. Flashing of a solution that includes Ru(bp^f*
and TEOA results in the steady state accumulation of the

reduced relay since the oxidized photoproduct, TEOA*
decomposes irreversibly (26). Introductionof the Ru-colloid
and CO,

Ru(bpz)f * +TEOARu -i-TEOA ' (26)

decomposition products

results upon flashing in the rapid decay of photogeneraied
Ru (bpz)j. No decay of Ru ibpzij occurs under CO, in the

^EW JOURNAL OF CH6MISTR-. I.. 11. V 2-I9S7
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-g*" f{64*- CH.

Figure 16. Transient spectra formed upon illumination of
Ru<bpz)f-. 2.2xlO-*mal.r' and TEOA,0.17 mol.r' sctaioa.
pH 9.5. Systems are dashed at A.=440 nm and product is followed
at X-500 mm (a) under COj or argos; f m the presence of Ra-
colloid (20 mg/tj under CO,.

absence of the Ru-colioid, and similarly the decay of
Ru (bpz) J is very inefficient in the presence of the Ru-colioid
and absence of CO,. These results dearly imply that the
reduced relay is effectively oxidized only in the presence of
die catalyst and CO,. Thus, the formation of CH* under
steady state illumination is a result of the electron transfer
from Ru (bpz)J to Ru-metai activated CO,- The ineffident
electron exchange between the reduced relay and the Ru-
colloid m the absence of CO,, confirms die existence of an

overpotential towards H,-evolution.We thus condude that
the assembly of Ru-metal activated CO, and the relay
Ru (bpz)J provides a proper relay-catalyst configuration for
the multi electron reductionprocess of CO* to CH* (8).

We know that together with CH* formation, ethylene,
CjH*, and ethane, CjH, are also formed (f?. IS). The
formation of these products can be rationalized in terms

of metal carbene Ru=CH,and methyl-ruthenium Ru-CHj,
intermediates that lead to the formation of CH and upon
dimerization yield ethylene and ethane. Yet other mechanis-
tic aspects such as the mode of CO, activation by the Ru-
colloid and the identification of the different intermediates
involved in COj reduction process need further insight
PHOTOINDUCED HYDROGENATION OF UNSATURATED COMPOUNDS- A

RELAY-CATALYSTCOMBINED SYSTEM

The previous section emphasized that interaction between
the reduced relay and the metal catalyst results in a mixture
of products due to the competitive H,-cvolution process. To
increase specificity towards the desired process, elimination
of PL-formation was suggested. A different conceptual
approach might be developed,wherethe hydrogen generation
system is used for the reductionof the substrate. The photo-
sensitized evolution of H, in the presence of a reduced relay,
i. c-, viologen radical, and an heterogeneous catalyst such as

Pt. involves dectron transfer from the relay to the catalyst
and production of Pt-bound hydrogen atoms. These surface
bound atoms dimerize to evolve molecular H,. Hydrogena-
non processes of unsaturated compounds such as okfrns or

acetylenes by hydrogen proceed at high pressures in the

presence of heterogeneous catalysts similar to those used for
H,-evoiution. The heterogenous catalyst in the hydrogena-
tion processes participates in two complementaryfunctions:
It activates the unsaturatedsubstrate towards hydrognation
and it fragments molecular hydrogen into surface bound
atoms generatingthe same intermediate that leads to H--
evolution in the photochemical process. Thus, one might
envisage the possibility to conduct photosensitized hydroge-
nation of unsaturated substrates at ambient pressures by
trapping the in situ generatedhydrogen atom formed by the
reduced charge relay and the metal colloid. "

Illumination of an aqueous solution that includes the pho-
tosensitizer Ru (bpy)*\ the electron acceptor, N, N'-dime-
thyi-4, 4'-bipyridinium. MV*\ NajEDTA as sacrificiai
electron donor and a Pt colloid, under an atmosphere of
ethylene results in the formation of ethane, C,Hs, and no

hydrogen is formed. The quantum yield of CjHj-formationis
9=9.9x 10~', a value identical to the H,-evolution quantum
yield in the absence of ethylene. These resultsdearly indicate
that ethytene is activated by the Pt-coUoMtowards hydroge-
nation and a// surface bound hydrogen atoms are sapped
bythe unsaturatedsubstrate. **.

2 4 6 8
la x 10* Einsteinsobsofbed

Figure 17. Quantum yields for C,H, photofaydrogenation is the
presence of different catalysts: (a) Pt-coiloid 43.0 mg/i (ö) Pd-coUoiü.
4.2 mg/l, (c) Pt-colloid coated with Pd, Pt 43.0 mg/l, Pd 4.2 mg.. 1.

(d) mixture of Pt-colloid 43.0 mg/l and Pd-coUoid 4.2 mg/L

A different situation is observed in the hydrognation of

acetylene, CjHj. When acetylene is subsöOtted for ethylene
as substrate, " and Pt is used as catalyst,inefficienthydroge-
nation of CjH,. to ethytene is observed, (p~3.2x10"*,
Hjf. 17 a), bot noFU-evolurionis observed. Thelow quantum
yield of C,H,-hydrogenation is rationalized in terms of poor
activation of the substrate wards hydrognation. Thedimi-
nation of Hj-formatjon in the presence of C,Hä is attributed
to a "poisoning effect" of strongly associated acetylene c<>

the metal surface that prevents H-atoms dimerization and

revolution. Indeed, it is weil established mat Pd metal is

superior to the Pt-catalyst for activation of acetylenes in

hydrognationprocesses. When the Pt colloid is substituted
by a Pd colloid in the photochemical hydrognationsystem.
an improved quantum yjeld of C,H,hydrognationis obser-
ved (<pI.4x 10"'. Ffc- I"?*)- It is vident that the quantum
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ueld for C;,H>-hydrogenation is improvedin the presence of
the Pd catalyst, although it is substantially lower than that
of Hj-evoiution yield in the absence of the unsaturatedsubs-
traie. The catalyst in the photohydrogenadonprocess panjei-
pates in two complementary functions( fiy. 18 a): (i) it inte-
racts with the photoreduced relay, accepts electrons and
forms surface bound hydrogen atoms, and (ii) it activates
the unsaturated substratetowards the hydrognation reac-

tion. The effectiveness of the catalyst in accepting the
electrons from the reduced reiay, V ", can be easily detenni-
ned by laser flash photolysis, by following the decay of the
reduced reiay in the presence of the specific cataiysL Such
studies reveal that electron transfer from photogenerated
MV to the Pt colloid is substantially more effective than
to the Pd colloid.

-CC-

Figure 18. (a) Functions of an heterogeneous catalyst the
photohydrogenationof C,H,. () Design of a bimetallic heteroge-
neous catalyst for improved photohydrogenarion

To obtain high yields in photohydrogenation processes,
optimum conditions to meet both functionsof the catalyst
should be fulfilled. The hydrognation of C,H, in the pie-
sence of Pd-colloidimproved activation of the substrate but
concomitantly perturbed the former function of the catalyst
in accepting electrons from the reiay. A general approach
to design a catalyst that meets both catalytic functions
schematicallypresented in Figure IS b and involves the appli-
cation of bimetallic heterogeneous catalysts. In the specific
example the bimetallic catalyst is composed of on tost that
includes a Pt-colloid coated by spots of Pd-metaL The Pt-
center is aimed to participate in the efficient acceptanceof
electrons from the reduced relay. The Pd-catalytic sites are

designed to activate effectively the acetylenesubstrate. With
this combinationof metals, migration of H-atoms from the
Pr-surface to the Pd component,where CjH, is activated is
anticipated to yield improved hydrognation yields. The
results of photohydrogenation of acetylene in the presence
of the bifuncrional Pt-Pd colloid are shown in Figure 17 c
For comparison,the photohydrogenation of CjH has bee
examined using a mixture of the two separated Pd colloids
( Fg-. 17 <. It is evident that aie mixture of colloids shows
an additive effect of the hydrognation yields in the presence
of each of the catalysts. Yet. with the bifuncrional construe-

ted catalyst a synergeticeffect is evident: Thequantum yield
for C,Hj-hydrogeaaricn p3.2x 10"' with a Pt colloid
coated with Pd. These results imply that optimal yields in
the sequestered steps of hydrognation of C,H, have been
accomplished using the bifunctional catalyst.

This approach where a bifunctional catalyst is used in
photosynthetic processessimulatesthe cofactor-enzyme acd-
vity in natural photosynthesis.The Pt-component of the
bifunctionalcatalyst mimicsthe cofactor functions in charge
accumulation and generation of the reducing equivalents.
!H}-atoms. The Pd-site resembles the function of the enzyme

to the extent that the substrate is activated towards the
hydrognationprocess. Only the spatial configuration of the
two components in one unit results in the desired catalytic
acriviiy. similarly to the high ordered configuration of the
enzyme-cofactor required in nature.

Ph-CsC-H

No* EDTA Ru(bpy
Water

Ox.
Products'

tw

Figure 19. Schematic cycle for the photohydrogenation of pfceny-
iacttyiene in a water-oiltwo phase system.

The hydrognationprocess of unsaturatedsubstrates is of
substantial importance in- organic synthesis. Yet, organic
compounds are insoluble in aqueous solutions, and therefore
the applicability of the photohydrogenation process is limi-
ted. To overcome this difficulty we have combined the con-

cepts of photoinduced generation of multielectron charge
relays in water-oil two phase systems, with the design of
bifuncrional catalysts into ose synchronically operative sys-
tern. " This systmes schematically presented in Figure 19.
It includes a water-oil (cyciohexane) two phase system. The
photosystem is solubilized in the aqueous phase and is com-
posed of Ru (bpy)f* as photosensitizer, diocryiviotogea 09),
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Figure 20. Rates of photosensitizedhydrognation of PhCsiCH
in a water-hexane two phase system:

[Ro (bpy>|*1-1.9 x 10" mol.r'.
{CV**}2xlQ-'iaol.r',
[Na,EDTAI-2x 10"* moi.!"'.

(a) Pd-coiloid 5.9 mgffc (6) Pl-coiloid 1X3 mg/b let Pt-Pd colloid:
Pi 12.3 mj/l Pd 5.9 mg/l.
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CgV-". as electron acceptor and Na,EDTA as electron
donor. Methods to prepare metal colloids in organic soiu-
tions were developed. The Pt or Pd-metal colloids or a
combinationof the two metals is introducedinto the organic
phase where phenyiacetyiene. Ph-CsCH is solubtlized as
substrate. Illuminationof this system results in the photoscn-
sitized formation of CgV" in the aqueous phase. This hydro-
phobic reduced photoproduct is extracted from the aqueous
phase to the organic phase where hydrognationof phenyla-
cetylene occurs. The rates of hydrognationof PhCsCH
to styrene in the presence of the various metal catalysts are

displayed in Figure 20. It is evident that while the Pd-colloid
is inefficient in the hydrognation process, and the Pt-colloid
exhibits moderateactivity, the combination of the two cata-

lysts reveals high effectiveness. This synergistJc effect is ami-
buted to the two complementaryfunctions of the metals as
discussed previously: i.e. formation of active [H]-atoms on
the Pt surface and activation of the substrate on the Pt
component.A detailed mechanisticstudy usingcyclic voitam-
metry has revealed that the reduced photoproduet C "'" is
inactive in charging the Pt-coiloid presents in the organic
phase. In turn, the two electron charge relay, C,V\ formed
by induced disproportionation in the water-oil two phase
system is the active specks in the production of [H]-atoms
on the colloid surface.
We conclude that photohydrogenation of phenylacetykne

in the two phase system exemplifies the photosynthericpoten-
tial of properly composed and organized systems. The two

phase system providesa means to separate the photosystem
from the catalytic site. The stabilization of composed metal
colloids in the organic phase allows to design multi-purpose
catalysts in the oil phase. The hydrophobic nature of the
reduced relay and the induced disproporaonanon process
provides a means to unie the photochemical and catalytic
sites.

Conclusions

We have exemplified the perspectives of bio-models and
artificial modelsfor photosynthesis. Bio-models are a compo-
site of an artificial photosystem linked to biocatalysts. The
photoinducedregeneration of the natural cofactors by artifi-
cial means providesa general approach for driving endoergic
enzyme catalysed synthesis. The remarkable stability of the
enzymes in the artificial environments, and the specificity in
reactions, opens a broad array of possibilities to applyvisible
light and enzymes in biotechnology.

Artificial photosynthetic models attempt to design and
construct artificially tailored systems that mimicnatural pfao-
tosynthesis. In our view an artificial photosyntheticsystem
should be composed of two separate sub-components: A
multi-electron charge relay that simulates the functions of
the natural cofactor.and a catalytic si that activates the
substrates towards the spcifie reaction. Proper configuratio-
nal linkage of these two componentsis an organizedmanner
provides a means for simulating natural photosynthesis. We
have discussedexamples where this approach is successfully
applied, i. & photoreduction of CO; to methane and photo-
hydrognation of unsaturatedcompounds.
Thedesign of specificityin artificial photosyntheticsystems

is a major subject for consideration. Heterogeneous metal
colloids designed for specific reactions act also as Hv-evolu-
tion catalysts. Consequently, Hj-formation accompaaies and

eventually eliminates the desired fixation S reductionj process.
Two alternative approaches were suggested to resolve this
difficulty. One approach has suggested the use of charge
relays exhibiting overpotential porperties. in the presence of
the catalyst, towards Hj-evolution. The second approach
suggestedeffectiveactivation of the substrate towards hydro-
genation and utilization of m siru generated H-atoms ig
induce the reduction (hydrognation) of the desired process.
Both approaches are essentially mimicking the cofactor-
enzyme configuration of the natural system. Significant
progress in underlining the conceptualapproaches for photo-
synthetic devices has been accomplished.Application of such
bio-models and artificial models for the reduction of other
substrates and design of otherspecific catalysts remain future
challenging goals.
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conclusion being supported by studies with [5-'*C]Giu-bR_
Possible changes of the four Asp residues are proposedin Table
I. It is interesting to note that the currently favored models" for
the folding of bR show that of the nineAsp residues, four reside
within the interior of the membrane. Groups which change
protonationstate concomitantlywith the proton-pumpingprocess
might be involvedas a conducting wire." In addition to Asp,
wehaveobserved protonaoon/deprotonatjonstepsin the following
changes: DA (Tyr-OH) LA (Tyr-CT) (Tyr-OH> L
(Tyr-OH) M (Tyr-Q-),-* while Rothschildand co-workers
have also showir*that a tyrosinatcprotonaies in LA K. Qeariy
the technique of difference FTTR provides a powerful method
which will contribute to the understanding of subtle dynamic
processesexemplifiedby proton translocation.
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Figure L Raie of C,V** andMV* formationat tinintervals ofiHu-
ruination in the presenceofTiOj-^-CDcoiloid. All experiments include
fC,V*1 or [MV**] 5 x l(T M, 2 mL ofTiO*, 2 g-L"', stabilized by
1%0-CD: (a) C,V*formaoon. (b) MV-* formation,(c) me of C,V-
formation, with [phenoi] = 0.018 M, (d) C,V~formation with [phenoij
- 0.024 M, (e) C,V* formation, with [pfceaolj * 0.05 M.
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Figure 2- Schematic functionof the rccept
improving iatcrfanai electron transfer.

years towardthe preparation of parades in colloidal

and CdS Colloids Stabilized by/5-Cydodexü
Tailored Semiconductor-Receptor Systems as a Means
to Control InterfacialElectron-Transfer Processes

ItamarWillner* and YoavEichen

7%e beeren' üjnoeirvo/OrganicCfcois&ry

The photocatalyQc activity of semiconductor particles is of
substantial interestin synthesis'as well asa means ofsolarenergy
conversion and storage." Electron-transfer reactions such as

charge ejection or charge injection ax senriconductor-soJution
interfaces are Importamt factors that control the photocatalytic
activityofthe semiconductors.*^ Electrostaticattractionofsolute
to the semiconductor surface has improved charge ejectionfrom
the excited semiconductor to solute relays.' Adsorptionofdyes
to the semiconductor surface, i.e., by hydrophobjc interactions,
resulted in effective charge injection to the semiconductor and
consequently the pbotocatalytic activityofsemiconductorsop-
erative m the UV region couldbe shifted to thevisible absorption
spectrum.** Substantial effortshi alsotx sd mrcccnt
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forms to improve theirlightharvesting and interfacial electron-
transfer properties.*""' Stabilization ofsemiconductor colloids
by polymers, microemulskms,and vesicle encapsulation"' has bees
reported. Herewereport ost s novel x&ctliod foe sxäbiüzmg scni-

iconductorcolloidsby 3-cyclodextrin Q5-CD).
Cyclodextnns have bees extensively examined as molecular

I'ectptots that bind solutes to therr hydrophobe cavities" Thus,
the tailoredsemiconductor-receptor configuration allows the as-
sociationofsolutesto the ^-CDcavity andconsequentlyimproves
the interfacial electron transfer process at the semiconductor-
solution interface.
We havestabüizedCdS and TiOi colloidsin aqueous solutions

with0-GD. The CdS colloidhas been prepared by slow addition
ofCd(N03)2tntothesohiÄHiof1% (J-CD + NajS. TieTiOj
colloidwas prepared by the slow addition ofTO to the 0-CD
solution at 0 C The mean diameter of the CdS and TCK
partiefcs was determinedbyTEMto be 80 and 100 Ä, respectively.
In the absenceof ß-cyclodextrin the semiconductorsprecipitate
out of solution.
iV^^DwayW.^-bJpyridinittm(octyl viologen, C,V**) asso-

cktes with theß-O>cavity" (eq 1), 4,5iX10 M"'. D-
luminationof the TiOi-j-CD colloid (X > 335 am), pH 15. in
the presence ofQV*\5 x l(T* M,and 2-propaaoi, 5 X 10"* M,
aseteatomdonor resafts m dw formation ofCjV**in its monomer
form. Figure ia shows the rate of CjV"""" formation at time
mtervals of iUuminationthat corresponds to a quantum yield of

Dli

(7)Houlding. V. H4Gratzd. M. /./<. C&em. 5oc 1983. JOJ, 5695.
(8) Hradah. R; lÄfc.T.Cä. )..1984,/(M. 229.
(9) Mayer.M4 Waberg.C;Xaiäan.K;Fefler. H.J.X C

Ciem.Commun. 1984, 90.
(10) {i>Trwt. M. Y4 FeaBer. H. J. /.An. denÄK. 1984. /Otf. 2*75

(b) Tricot. M. Y^ Emrai. A^ F*Ber.a J./. bo-CWra. 1985..472:.
(c) Tricot. M. Y.; Feodfcr. H. i. /. ^. Cfcea.See. 84, iöd, 7359.

(11) (a) Q-rfodearot Owmtwr^ Bender. M, Kamryama. 1_ Eds-;
Springer, 1978. {b) Singer.A. Q. ^ufo. CS,ia. tf. Ät 1*. ^-
344. (c) Bretiow. R. Ate{tato^aAC) 1982.2/. 532.

(12) Tabasni. I. ^tec Cfcnn.A. 1982. i5. 66.
(13) Adar.E; Dega.Y^ Gores,i; WTOner,Li. /tot Owm.Sot 198.

iO, 4696.

0002-7863/87/ 1509-6862S01.5/0 1987 AmericanChemical Society



X .4m. Cem. Soc. 1987, /09, 6863-6865 6863

in the presence of CjV-*. pH 6. and Na>S. 5 x !0"- M. as donor,
results in the monomerphotoproduct.CjV", = Q.2.'* When

methyl vioiogen, MV-*. is used as charge relay instead ofCjV**\
substantially lowerquantum yields ofMV** are observed. Figure
1b shows the rate of MV** formation at time intervalsof ülu-
mination with the TiOj--CDcolloid. Thequantum yieldcor-
responds to = 2.6 x Iff-* and is 4.4 times lower than that for
CjV*~formation in the analogous system. Simiiary, the quantum
yield for MV"formation with CdS-d-CDis 3.6 times loweras
compared to CjV"" production. It should be noted that methyl
vioiogen (MV**) is not associated with ^-cydodextrin." Thus,
the high quantum yields for CgV"* formation in the presence of
the (3-CD semiconductor stabilizedcolloids,as compared to that
of MV**" photoreduction, is attributed to improved interfacial
electron transfer from the excited semicoaductor to the relay
substrate, C,V*+ (Figure 2). AssociationofQV^"a the 0-CD
hydrophobte cavity increases the local concentration of the relay
in proximitywiththe semiconductor interface. Consequently, the
interfaciaielectron-transfer rates and reduction ofthe relayC,V**
by conduction band electrons are improved. Indeed, the photo-
redactioaprocess of QV**" usingte semicowfactor-^-CD sta-

buizedcaUoklsisstrcmglyinhfliitedinthepreseiKrofpheaoUwhich
associates withthe0-CDhydrophobiccavity. Figure 1 (c-e) shows
the rate of QV"* formation at time intervalsof illuminationaad
different concentrationsof added phenol. It is evident that the
quantum yield forCjV** production 4frr*5^* as the conceatraoon
ofphenol increases. Thus, phenol that associatesto 3-CD expels
the charge relay QV^* from the receptor andconsequentlythe
superior configuration for electroa transfer is destroyed. Simüariy,
TO,coUoids werestabüiz! with oH^rclodexirins. The association
properties of C,V^-toot-CD are weakerthan those to 3-CD (AT,
= 4500 M~*}. Accordingly, the specificity toward QV** pao-
toreduction as compared to MV** reduction decreases, -
(C,V+)/$(MV+) 4.0-
We have compared the photoreductionreactions ofQV**"and

MV**usingTO*i3-CDcofloids to the similar reactionsinduced
by TiO, colloids stabilized bypoly(vinyl akohol). PVA. With
TiO*-PVA colloids the quamumyiddratio #<CV~)^{MV^)
is 1:1. implying similar efficiencies. With theTiCW-CDcolloids
the ratio is 4.4:1 and it demonstrates selectivityin the reduction
of the C,V*+ relaysystem.

Laser flash experimentsconfirmthat improved dectron transfer
occurs to CV**"m the presence of TKk-^-CB. Flashing the
systemsthat iactade TiOr"CDandMVonQVat X= 337.
nm resets in the formation of MV**orCV*. With MV** as

charge relay, instantaneous accumulation of MV""" is observed
that results from eiectrostaticaily associated MV-* the
TiOj-cofloid.* ^

ofCjV** is followed by a diffusionai charge ejection to

associated with the 0-CD, and the total amountofaccumulated
C,V- is ca. 4 times larger than that of MV**.

In conclusionwe havestabilized TiO> and CdSsenncooductor
colloids with 0-cyciodextnns. Thetaitoredsemiconda
configuration and properdesign ofthe charge relayprovide means
to control interfacial electron transfer aadintroduce selectivity
in the reductionof relay substrates. The associationof the relay
to the receptor sites increases the localconcentration of the relay
at the colloid interface andconsequentlyimprovesthe interfaciai
electron-transfer process. Further applications ofsemkonduc-
tor-receptorcolloids could be envisaged. These includeeffective
and selective charge injection via the selective association of
chromophoresto /3-CD or selectivesynthesisthrough immofaili-
zatkm of catalysts on the semiconductor sites. Theseaspects are
now being examined in our laboratory.
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Spectroscopic and Structural Evidence of Tnperamre
Dependent Charge Localization asd Structural
Differentiationof the Fe Sites within the [
Ousters (X = CL Br)
D. Coucouvanis,*M. G. Kanatzidis, A. Saiifogiou. aad
W. R. Dunham
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A. Simopoiik,J. R. Sams,' V. PapaefthymJoa,and
A. Kostikas
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Therecently reported fFesSLj|*" cfastejs*are aew ambers
in the general series of the synthetic Fe/Sdusters that contain
the [Fe^SiL**cores. Theyare metasuble speciesaad thermally
or catalytically can be converted quantitatively ^

"cubanes" (eq 1).

Theoxidized, [FcjSsX]^*,prismane dusters can be obtained
in nearly quantitative yields by chemical oxidation of the
[FeSÄ3*- ^testers* (eq 2) CX = O, Br) witk
[PFl

TheMossbauerspectraofthefFesSsXJ^ dusters for X = C1,
I [or Br, H], werenraminwf atvarious temperatures in the range
from 1.6 K to ambient temperature(AT). Thespectra (Figure
0 generally show two broad lines ofunequal intensitiesat tem-
peratures above 100 K. Theaverage values of the isomer shift
(IS) and quadrupoiesplitting (Ag^) for these doublets above 100
K are 0-44 (i), O62 (1) and 0.44 (I), 0.10 (I)mm/s,respectieiy,
for I and EL These vahies, which represent iron atoms in a formal
+2.66 oxidation sate,as expected, are somewhatsmallerthan
corresponding values for the [FeSXJ'~casters, which contain
iron atoms im a +2-5 formal oxidation state.-* For the latter, IS
aad Ag, values of 0J2 (1) and 0^5 (1) sm/sforX - a and
0.54 (1) and 1.00 (I) on/s for X = Br have been observed at

125 K. At 1.6 K the high velocity line dearlyshows partially
resolved structure that suggests at least threepeaks. Thestructure

persiststo about 50K and gradually becomes obscure at higher
temperatures. The spectra for both I and II at 4.2 K were fitted
by the superposition of three Symmetrie quadnipole doubletsq
consTr?fy?cd f> *yp*flr infftrwTws aiyf Hug ^irftj^
the grouping of the iron ions into three pairs characterized by
different IS and Ag, vahtes with the ironswithin each pair being
equivalent. Two realistic combinations ofsix peaks intoquadrupoie
doublets can be chosen.-' For combination(a) in the low ten-

(1) Ob leave of absence. Chemistry Department, University of British
Coiumbta. Vancouver,SeitabCnlamhi, Canada.
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Photosensitized Reduction of CCX to CH4 and H2 Evolution |,
the Presenceof Ruthenium and Osmium Colloids: Strategies
To Design Selectivity of Products Distribution*
Ifcunar WHiner,'RubMaidaVDapfara Mandler,* Heinz Dürr,* Gisela Dönv andKlans ^

fAeeRomntf0/OrganicCAevnwöy. Tä üfrewUmcera'cy o/Jerr,..,,9/904. /xna*/, anrf OrsncAe CAn*e. ÜBwerrirär rf Sld
D-oWO SoarrcJfceB. Germany. Äeeeiperf A/arcA 5, /9S7

Abstract Phoioreduction of CO;to methane and higher hydrocarbons is accomplished in aqueous solutions by using visibiclight and Ru or Os colloids as catalysts. One system is composed of Ru(II)tris(bipyridioe), Ri(bpy)j*\ as photosensitizer.triethanokmine.TEOA,as deem donor, and one ofthe foBo^gbtpyrkajawm charge relays: iV^V'-<ßinetljyl-22'-bipyridimain.MO*" (1>. iVJV'-trimethyteie-2a'-Wp5finiBm,TQ*" (2). iVJV'-tetrainethyl-2J'-bipyridinium, DQ** (3), or A'JV'-bis-(3-suIfoaato|a-oyl)-33'-diihyi-4.4'-biHTidJnium, MPVS(4). Illumination of these systems anderCO, in the presenceof Ru orOscolloids results in the formation of methane and ethyfene and in Hj evolution. In the second system, illuminationof an aqueous solution underCOj that includes Ru(II) tris(bipyrazine) as sensitizerTEOA as electron donor, and the Pcolloids leadsto the formationof methane, cthyiene, and ethane, and no H;-evoluüonoccurs. The reduction process of Cproceeds via electron transfer of metal-activatedCO*rather than through a hydrognationroute. Detailed studiesshow thai"
the Hj-eyolutkHi process cas be inhibited by the addition of bipyrazine, while CO; reduction is inhibitedin the presence:ofadded thick. MethanatSoa ofCOjbyhydrogen proceeds m the dark in tie presence of Plaad Raor Os riWds and in the
presence Of MQ**" (I). Tfce"*fa* the cfagmn relayimp tfatrft ttmthnarayi pr""*^ w^n Ntmghan ^(TrffHM.ranrfer

Photosensitized cleavage of water to hydrogen and oxygen and
reductionofCOj to organic fueis are ofsubstantial interest for
the solar light-induced conversionof abundant materials to novel
fuels.*"* Extensive efforts have bent directed in recent years
toward the development ofphotoinducedH-e*otationsystems.*"*
Homogeneous photosensinzerssuch as Ru(II) tris(bipyridiDe),
Ru(bpy)3"*,orZaporphyrinshave been appüed to photosensitize
the redactionof various relay compoundsthat mediate Hj evo-
lution from aqueous solutions. For example, photoreduced iV,-
7V'^iialkyi-4,4'-bipyridinium radicals (vidages radicals), CoCEII)
sepuichurate, or Rh(bpy)j'* mediale H,evolution frost aqueous
solutions in the presenceof heterogeneousraetai colloidssuch as
Pt or Rh.*"'" H; evolution has also been accomplished with

ticonductor panicles suspended in aqueous raedia in the form

potentialofCO2 (eq 2) exhibitsaa extremevalue, thenmh^ecat
reduction potentialsof COj to CO,formate, formaldehyde,ar
methanol exhibit comparable values to thatof the H^-evotak
process. Furthermore,the reduction potenriai of CO; ; CH,
thermodynamicallymore feasible than thatrequired to redse
protons to H,. Neverthdess, despitethe rienixxiynarnic feisiba
to reduce CO,, v^anndpatekineticdifficulties in accornpiisiitr

(1) Per a preumuaryreport see: Maidaa. R_; WSlner. I. y. /4m. Cw'
Sot 1986, /(M, 8100-8101.

ra/jinr, Aeadeoik= Mer York. 1983.
(3) CaMa. M. Ase. O^m.Ä. ITTS./1,36-3?4.
(4) Harrinan, A. West.M. E, Eds. /"fcstOfeiwmrion o/rrfrofrcAi

ofpowders or microheterogeneotis coBoids."-" In these systems
metals such as Pt or Rh immobnizedon the particlescatalyze Hj
evolutionby conduction band electrons formed byexcittof
the semiconductor. Several cyclic systems for the photodeavage
of water have been reported,'^* altnoogh other studiesquestioned
the cyclic activity of the systems." Recent efforts were also
directed toward the photoreductionof CO, to organic fuels.""^
Reduction ofCO2might proceed to various products (eq 1-3).

(5) Saon, N4 ^
(6} Griud, M. As. Cto.Äo. 1981, /< 376-384.
(7) Bird,A. J. Sdeu(Waiünston, Ö.C) 1988,207. 139-144
(8) (1) Kaiyanasoadinm. K4 idwi,J4 Griizd, M. Heic. Cfam. Ac
7 273 E P K

2H*+ 2e" H2 -0.41 V (I)

CO, + le-" CO,- -2 V (2)
COj + 2H* + 2e-. CO + HiO -0-52 V <3)
CO + 4H* + 4e- C + 2H;O -0.20 V (4)
CO, + 2H+ + 2e" HCOOH * -0.61 V (5)

COi + 4H+ + 4e" HCHO + HjO -0.48 V (6)
COj + 6H* + 6e" CHjOH+ HjO -4U8 V (7)

COj + 8H* + 8er CH4 + 2HjO = -0.24 V (8>
Thestandard redox potentialsof these reactionsat pH 7 are given
in the respective equations'*-^ and comparedto that ofH, evo-
lution. h can be seen that, white the singie-electron reduction

*T&e Heteew Üajwnityof Jerusalem.
Universität des Surfendes.

1978,67, 2720-2730. (b) Moradpour, A.; Amooyal. E.; Kdler. P.: 1
H. ATam /. Own 197, 2. 547-549.

(9) Hnddmg. V4Geiger, T.; KoBe,U;Giiaet. M.7. C&em.5r-CV-
Commun. 1982. 681-S83.
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1981. ifij, 4685-4690. (b) Trtot. Y.-M; Feadter, J. H. X /m. CfeS*
1984, /Off, 7359-736..
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623-627.
(15) Magüozm, R. S.; Krasoa, A. L .

15-21.
,

(16) (a) Leto.J-^t; Zieuei.R.ftoe.iat./Icorf.S. t/^^- >**-/701-704. WZieBd.R^Haweclcer.^Lete.J.-M.Ber.CW'"
09. 1065-1084. (c) Hawecker, J4 Lean. J.-M4 ZieoeL R. /. <

OiaJt.Comma.1983, 536-538. (d) Hawed, i^ Leta. J.-
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^.processes due to the need to pursue multielectrcm reduction
'

vcs*s- Thus, reductionof CO, in aqueous solutions is expected
tin: accompanied, or eventually obscured, by tie ldnetically
'vjrtfd H; evolution.
"

jsveral recentstudies have explored the photoinduced fixation
<CO:- Photoreduction of CO, to CO (eq 3) has been reported
^ Lshr .tnd co-workers'* in two different systems using Re-

\^.)(( ;C1 as photocatalystor using Ru(II) tris(bipyridine),
;'i'bp> '.-'" ** sensitizer and cooalt(II) chloride as electron relay.
Vine latter system Hi evolution is accompaniedby CO, reduction.
^[oreduction ofCO, to formate (eq 5) has been claimed by
j^uice." but later studies questioned the formation of formate
., CO? reduction." Reductionof CO, to HCO," has been re-

ified by Lehn" using Ru(bpy>3-*as photosensitizer in a di-
'^ylformamide-triethanolarnine--aqueousmediumthat contains
CO-
fixation of CO, to various organic fuel products in very low

has been reported by use of semiconductors.-^ We have
a reported on the specific photosensitizedfixation of CO,
-io organic acids or formate using enzymes as specific COt-
iution catalysts.-' Similarly,in a primary note wehave exem-

jufied the applicationof Ru colloids as catalysts for the photo-
Auction ofCOj to methane.'
Here we describe the photosensitizedfixation ofCO^ to CH

cd higher hydrocarbons using visible light. In these systems Ru
ad Os colloids act as COj-fixation catalysts. We discuss two

fferent systems for the reduction of COj to CTU One system
ärotves the primary photosensitized redaction of iVJV*'-bi-
jvridinium charge relays that mediateCO2 reduction asd Hj
solution in the presenceof Ru. andOscolloids. Toesecond system
avolves the selective reduction of COj to CH4 by using photo-
joterated Ru(I) tris(bipyrazine) and aRu metal catalyst. We
ilso provide means to control the selectivitiesofCO2 reduction
n. H, evolution by proper additives. Asfar as we are aware, these
notons are the first examplesfor the photoinduced reductionof
CO; to CH*.
Experimental Methods
Absorption spectra were recorded with a Uvilcon-860 (Kontron)

<?caropttotometer.Gas chromatography analyses were performedwith
Packard 427 instrument (thermal conductivitydetector)forH,analysis
d Trevor 540 gas Chromatograph (flame kraizalion detector) for
methane, ethane, and ethylene analysis. For H] separation a 5-Ä MS
aiamn and argon as the carrier gas were used. For hydrocarbon
ilyses a Porapak T-cohimn and nitrogen as the carriergas were used.
&eind shapeof Ru and Os colloids were determinedwith a Jecri200
OC electron microscope. Elementary composition of particles was de-
"mined with a Unie 360 energy-dispersion system. Atomic absorption
^osurementswere carried out with a Peririn-Elmer 403 spectropso-
"aneier. Continuousilluminations were performed with 150-W xenon

/. CAem. 5oc.. ^o/. /Ö9. iVo. 20. /9?7 6081

p
p (PTI). Laser flashexperimentswere performedon a DL 200

Molectron) dye laserpumped by a UV-HInitrogen laser(Motearon).
^"hes were recorded on a Biomation 8100, and pulse collection was
*ried >' :t with a Nicolet 1170.
Preparation of Metal Colloids. Colloids were prepared by the re-

^tionof the respectivemetal salts with citrate as reducing agcac" A
Jt" sodium citrate solution, 100 mL,that contains RuClj. 16 mg, or

*0i. 15 mg, was heated to 100 *C overnight. The resulting colloid
**P"wons were centrifuged and dialyzed. Metal content of colloid
*H*nsion was determinedby atomicabsorption to be 60 mg L~* for Ru
^*>id aad 95 mg L"' for Os colloid. The mean diameter of colloid
?mcleswas estimated by EM to be 400A forRu colloid and 50 A for
'-"colloid. An alternative procedure forthe preparation of theRu collotd
=*ol*es the photochemicalrduction of K,RuCU- This colloid exhibits
'oroved catalyst activity toward reduction ofCO, to CH; A 3-mL
^b aqueous solution, pH 7.8. that includes Rb(II) tris(bi-

= 1. Rtt(bp2>,^. 1 x 10-' M. KjRaCU. 2 x UT M. and tri-
iatnine. 0.1 M,was illuminated for 20 min with a 150-W xenon
"^" '*" resultingsuspension a mixed-bedion exchanger(Amberihe

_)was addedto exclude aH ions, and thecotloidwas filtered off. The
"*** diameter of the resultingcolloid is estimated by EM to be 100 A.
.,;*-y-Dimethyl-2O'-btpyridiBium, MQ*"" (1). ^V'-triraethyteae-
""* 'Pyridinium.TQ** (2), and iVuV'-tetrainethyfene-2jr-oipyridtaim,

n''" Furlong. D. N.; Launikorm.A4 Sasse. W. H. F.; Sanders. J. V. /.
"* &*:.. faraway 7>ani. / 1S84. 0. 571-588.

DO/* (3), were prepared according to literature procedures.-* jVJV'-
Bis(3-sulfonatopropyl)-3.3'-dimethyl-t.4'-btpyridine.MPVS* (4). was

prepared by the reaction of 3,3'-dimethyl-4.4'-bipyridinewith 13-
propanesuitone. To 100 mg of 3J'-dimhyl-4,4'-btpyridine^ was added
390mg of 1,3-propanesultone.The resultingmixture was heated to 120
*C for 15 min without solvent undernitrogen. To the resulting semisotid
was added 5 mL 01 DMF, and heating at L20 C was continued for 3
h. After cooling, the white precipitate of 4 was altered and washedthree
timeswith acetone: yield 89%. The product gave satisfactory elementary
analysis.

Continuous-illumination experiments were performedin a glass cu-

vene equipped with a valveand stopper. Samplesof 3 mL each contained
a rutheniumor osmiumcolloid, 20 mg/L; TEOA. 1.0 x 10"* M;NaH-
CO* 5.0 x 10-* M; Ru(bpz),"\1.0 x 10- M or Ru(bpy),^-, 1.4 x lor"
M; and one of the electron relays(MQ*"\ TQ**, DQ**\ or MPVS). 1.4
X 10"* M: at pH 7.8 undera CO-j atmosphere. Gas samples were talten
out from the cuvette at time intervals of illuminationand analyzed by
the respective gas chromatographyanalyses.

Methane and hydrogen inhibition experiments were performed in
similar cuvettes on 3-mL samplescontaining the rutheniumcolloid. 20
mg/L: EDTA.3.3 x lO"* M; NaHCO,. 5.0 X 1<T* M; Ru(bpy)j-*, 1.4
x irr* M; and MQ*+. 1.0x 10"* M:at pH .0 under a COj atmosphere.
The ratesof formation of methane and hydrogen were followed at dif-
ferent bipyrazineor 1,4-dimercapto-U-butancdiol, dithiothrcttol (OTT).
concentrations.
Dark reduction of CO; was performed in a glass pressure-resistant

reaction flask connected through a pressure gauge8) a manifold enabling
accurate control of the gaseous atmospherecomposition. la a typical
experiment, a solution containing Ru and Ft colloids, 20mg/L each.
NaHCO* 5.0 x HT* M, and MQ**", 1.0x 10"* M,was stirred under 0.75
atm of CO]and 0.75 atm of H,. Underthese conditionsmethane and
ethyienewere formedas assayed by GC analysis- Exclusion ofthe relay
from tiie reaction yckied no products.
Results and Discussion

Photoreducrion of iVJV'-diaürylbipyridiniumsalts*-** in the
presence of Ru(bpy)j**, metaUoporphyrins, and organic dyes** '

is the presence of sacrificialelectron donors anddie subsequent
evolutionofHj with metal colloids*-'"have beenstudied exten-

sively. Various organometaliic complexessuch as Co(II) por-
phyrins* orCo and Ni macrocydiccomplexes^exhibit catalytic
activity in the electrochemicalreductionof CO*. Nevertheless,
the eiecrrocatalytic potentials are usually far frombeing adequate
m be applied m the photosensitized reductionof CO,. Ruthenium
and osmiummetals are used*"* as heterogeneous catalystsin the
methanation ofCO, (eq 9). Althoughthis process proceeds at

CO, + 4Hj CH* + 2H2O (9)
elevated temperaturesandpressures, it suggests that these metals
activate CO,towardreduction. Recentelectrochemicalstudies
by Frese** have revealed that Ru electrodescatalyze the eke-
trochemicalreduction ofCO, to CHi(eq 8). In these studies CO,
reduction toCHhas been accomplished in aqueous solutions (pH
4.2-6.8) at electrode potentials (*) as tow as -0.55 V vs. SCE.
Togetherwith CO, reductionto CH*.hydrogen evolution s ob-
served as well as reductionofCO, to CO. Thus, wehave decided
to examine the photosensitizedreduction of COjto methane in
the presence ofRu and Os colloids.

(24) Homer. R. F4 ToBmoo. T. E. y. Ctem. Soc. 19. 249S-25O3.
(25) Stoehr.C;Wagner. M. 7. PW*r. CRe/n. 1893. . 1-23.
(26) AmouvaL E4 Zidler. B.; Keller. P4 Moradpour. A. Obm. ^ftyi .

1980, 7*. 314-317.
(27) (a) Bock. C IU Meyer. T. J4 WntmD. G. /. An. C.Soc

1974.SW. 4710-4712. (b) Kaiyanasundaram. K4 Gratzel. M. He&. Cfcm.
/tea 198. (JJ, 478-485. (c) Krasaa.A. L PA<MOcA<m. Abocoto/. 1979.29,
267-276.

(28) TakanasU.10; Htracsaka. K^ Sasaki H.; Tosnima. S. CSon. >-
1979,305-308.

(29) (a) Faner, B.: Eisenberg, R. /. ^/. dem. Soc 198, iO2.
7361-7363. (b> Betey. M4 Coffin. J.-P4 Roppert. R4Sauvage. J.-P. /. Oken.
Soc, CS.Gwn/mui. 1984. 1315-1316. (c) Pearee. D. J^ Pletcter. D. /.
Hectroano/. CÄm.faer/ooaitectrodiem.198, /97. 317-330.

(30) (a) Solymo. F4 Erdohelyi A4Kocss. M. /. OeaSoc, AmKfary
rnm. / 1981. 77.1003-1012. (b)So^sosLF4 ErdofceWt. A /. ifot Gaat
1980. , 471-174. (c) Lunde. P. J-; Kester. F. L. /. Gaat 1973. 30.423-429.

(31) (a) Yasukatsv. Ta Watanabe. H- Akira. T. Gw*o 1977, /J.
103-106. (b) Moggi. P4 Albanesi.G4 Predferi, G.;Sapa. E. y. Organomer.
C3kem. 1983. Z2, C89-C92.
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Figure 1. Rateof photosensitizedCH, formation (A) and H, evolution (B) in the presence of the variouscharge relaysand Ru colloid: [Ruf bpv) =- 1.4 x 10-* M. [relay] = 1.4 X HT* M. [TEOA] = 1.0x 10"* M, [NaHCOj] = 5X1 x iff* M. [Ru colloid] 20 mg/L, pH 7.S underCO-. -..
Key: (a) MQ**; () DO/*; (O) TQ**; (a) MPVS.

Photosensitized H, Evolution and CO, Reduction Using Bi-
pyridinium Electron Relays. The redaction potentials for Hj
evolution and COjreduction depend on the pH of the aqueous
media. Both ofth processesare tbennodynamkaDyfavored as
the pH of the aqueoussolution decreases. Yet, the reduction
potentials forHformationdedine to morepositive values sharper
than those of CO2 as thepH of the solution decreases." Thus,
to thermodynamicallyfavor CO,reductionover Hi evolution, it
is advantageous to perform the reactions in basicaqueous media.
However, since COj in aqueous solutions exhibits complex
equilibria with HCOj~and CO3*" (eq 10) that are strongly affected
by the pH, one is limited to the region employed. We have
examined the photosensitizedreductionofCO} in aqueous solu-
dons at pH 7.8 where CO, consists of 3% of the total carbon
dioxide introduced that corresponds to 11-2 *tM."

COj(^ + H2O H-.CO, H* + HCOj-~* 2H+ + CO,*"
(10)

We have studied the COj-reduction ami Hi-evolutionprocesses
in aqueous solutions where photosensitizedelectron-transfer re-

actions result in reduced bipyridinium radical relays. In these
systems Ru(II) tris(bipyridine) is used as photosensitizer and
triethanolamine,TEOA,as sacrifical electron donor. Ascharge
relayswe have applied ivVV'-dimethyl-22'-bipyridinium,MO/*
(1), Jv-JV'-trimethyfeaie-l^'-btpyrMiinium, TQ>* (2), W,2V'-tetra-

CW3

MO**" C1

TO** <2>

CH3

OQ** C3)

methyIene-2.2'-bipyridinium, DQ*+ (3), or U(
sulfonatopropyl)-33'-dimethyF-4,4'-bJpyridinium,MPVS* (4).

(33) Keene. F. R4 Creatz. C; Stttia, N. GmrC C<m. Äo. IMS. tf<
247-260.

(34) Asada. K. In Orgomc onrf A'o-or^m'f CAonifiT ofCordon >fo.n^r
Inoue. S-, Yaraazaki, N.. Eds.: Kodansha: Tokyo. 198i

One of the colloids, Os or Ru, is included in the systems as
CO-reduetioa or a H^-evolutioncatalyst. These charge refcs>
were selected since their reduced forms exhibit more i
reduction potentialsthan A^//''-diaIkyi-4,4'-bipvridinium g
radicals. Previous studies have indicatedthatthe reduction pojtentials ofbipyrkfimum salts ["{V*"/V**)], are strongly affecte]by steric interactions in the molecular structure.** Reduction
ofthe bipyridiniumsalts tends to bringthe two pyridine ringsi.
a planar structureto gain effective -ar overlap and resonant
delocalization. Hence, substitution of the ortho positions in us
bipyridine structuredistorts the two rings from plananty. Coo-
sequcntiy, their reductionis more difficult, and the reduced fore
exhibits more negative reduction potentials as compared to th:
stoically unhindered relays. For example, the reductionpotente
of7V^<-bis(3-sulfonatoprc^lH,4'-bipyrtdinium,PVS (5), cor-

responds**to "(PVS~/PV^) -0.41 V, and introduction
the two methylgroups in the ortho positions to obtain the refa:
4 introducessufficient steric hindranceto decrease the reductioc
potential to the value of"(MPVS-/MPVS) = -0.79 V. Th
reductioc potentials of the various relays used in our studies an
summarized in Table L

Illuminationof these systems with visible light (X > 400 ami
under a gaseous atmosphereofCO2 results in the formationoj

methaneand ethyiene,C2H4,aswell as the evolution ofH> Figur:
1 shows the rates of CH4 formation and H^ evolution by th<
different relays and Ru colloid as catalyst for the reaction. Figur;
2 exemplifies the ratesofformationofCH, andQH*as a fitnetkx
offllumination timewith MPVS as relay and Osas catalyst. Tb<
quantum yields for the formationof the various products with th<
different electron relays and the OsandRu colloids as catalysa
are frimurriyf* in Table I. It is evident that the yieMs of Hr
evolutionand COi-reduction products increase as the rcducuo

potentials of the relay is more negative. For example, by usini
the Ru coBod andMPVSas relay ("= -0.79 V), the quant:
yields for Hj evolutionandCH formation are <(Hi) -6 *

HT*and#CHJ 5.7 x l<r\ while with the relay TQ ("
-0J5 V) the respective quantum yields correspond to <*{H:) *

X HTami (CH4) 2.0 X 1(T^. When argon is used
ibgaseous atmosphere instead ofCOt, only H2 evolution is

The quantum yields for Hi evolutionin the presence of the
ferent relays and metal catalysts are alsosummarized in ^L Controlexperimentsreveal that all ofthe comporter'- -c

in the systems are essential for Hi evolutionas weil >rCO;
reduction. Exclusionof either the electron donor, charge rc>.

or catalysts prohibits any photoproduct formation. Furthcrroo-

(35) (a) Harng. S-:GroB.J. Schenk, W. ^
324-338. (b) Hnig. S.; Gross. J. rWwrfiwi t*. 198. W-~,-.:

(36) Degani, Y^ Wllner. I. J. /4. CJem.5oc. 1983. /0-- 6--"*"
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twtrfe I- Quantui

relay
" MPVS

m Yields for H,

ro ' y

vs. SHE*'
-0.79
-0.72
-0.65
-0.55

Evolution and

lO^HJ
2.6 (80)*
1.7 (51)
1.8 (56)
0.28 (8)

Hydrocarbon Formation
Ru colloid catalyst

i 10*4(CH4)
5.7 (4.3)
2J (1.7)
1.4(1.1)
0.20 (0.15)

in the Presence

10**<CiHi)
1.9 (O.I)
0.73 (0.03)
1.08 (0.05)
0.18 (0.01)

of Different

tOV(Hj)
1.9 (58)
3.0 (91)
9.2 (270)
0.64 (19)

Relays and Ru or Os Colloids as Catalysts"
Os colloid catalyst
IO**(CH,)
2.1 (1.6)
0.52 (0.4)
0.61 (0.5)
0.12 (0.1)

itfcHCiH,)
t.04 (0.05)
0.29 (0.014)
0.67 (0.03)
0.15 (0.008)

Mn ill systems [Ru(bpy),-+] = 1.4 x 10"* M, [TEOAl I x ItT* M. [relay] 1.4 x ior> M. aqueous 0.1 M bicarbonate solution under CO*,
-H 7.8. * Kalyanasundaram. K. Coorrf. Cftem. Äeo. 1982, *. 159-244. 'Furlong, D. N.; Johansen. O.; Lauaikonis. A4 Loder, J. W.; Man, A.

\V..H.: Sasse, W. H. F. ^ui;. /. CAm. 1985, J, 363-367. 'In parentheses otameG*L) of products formed per hour.

Oxidation
Products

TEOA Hu(bpy)^*

Ru.Os

COj ? H<

O 20 4O 60 30 OO 120 I4O 160

Illumination Time (min)
Ftwe 2. Yield of methane and ethylene formation as a function of
illumination time with MPVS* as relay and Os colloid as catalyse
!Rtt(bpy),**] - 1.4 x 10-* M, [MPVS]= 1.4x 10"' M. [TEOAJ - 1J
x lO" M. [NaHCOj] 5.0 x 10~* M, [Os colloid] = 20 mg/L. pH7.8
ander COj atmosphere. Key: () methane; (O) ethylene.

other metal catalystssuch as Pt or Pd are inactive towardthe
reduction of CO2, and only H, evolution is observed. Also,
substitution of the charge relays by iVjV*-dimethyl-4,4'-bi-
pyridinium(methylviologen,MV*+) does not yield the reduction
of CO;, and the blue radical cation (MV**) is accumulated.
The lack of Hi evolution and CH< formation with MV** as

charge relay suggests thatdie reduced relay MV**does not exhibit
the reduction potentialrequired to evolve HU from the basic
aqueous raedium (pH 7.8) or to reduce metal-activated CO>
The results dearly indicate thatthe photosensitizedelectron-

fer reaction leads to the reduction of COi to methane and
high:,- hydrocarbons. Thus, Ru and Os colloids are indeed
heterogeneouscatalyststhat activate COj towardthe reduction.
Nevertheless, the reduction of COi in the aqueous media is
nonspecific, andsubstantialamounts of Hj are evolved. In fact
H, evolutionis the predominantproduct in the photosensitized
transformations.
The mechanism that leads to Hi evolutionis weuestablished."

It involves the oxidative quenching via electron transfer of the
cited sensitizer Ru(bpy)j** by the relay (R**), followed by
<*arge separation(eq Hand 12). Oxidation ofthedecrron donor

Ru(bpy)j*++ TEOA Ru(bpy)j^+ TEOA"* (12)

by the oxidized sensitizer recycles the light-active com-
. andthe reduced relay is accumulated. Electron transfer

from the reduced relay to the metal catalyst charges the colloid.
i in the presence of protons,metal-boundHatomsare formed

' their dimerization leads to Hj evolution." Figure 3 sehe-
' representsthe Hi-evolution process. The fact that Ru

Fgnre 3. Schematiccycle for photosensitizedHi evolution asd CO,
reduction using bipyridinium electron relays (R^*).
or Os colloids are essential catalysts for the reductionof COj
dearly indicates that CO2 interacts with the metal surface and
thatit is activatedtowardthe reductionprocess. The reduction

might proceed via two alternative mechanisms: (i) hydrognation
of metal-activatedCO?via in situ generated H atoms thatlead
to the methanation process (eq 9) [Similar photomducedhydro- '

genation reactionsandutilization ofin situ generated hydrogen
atoms have been exemplified with nnsaturated substrates, Le.

ethyleneandacetylene, and heterogeneous Pt or Pd colloids."]
and (ii) direct rduction of metal-activatedCO? via electron
transfer from the charge relay, independent to the Hv-evolution
system(Figure 3).
Darkexperiments exclude the hydrognationpathway as the

mechanisticroute for the reductionofCOjto CH*and imply that
the reductionprocess proceedsthrough electron transfer from, the
reduced relay. In these experiments an aqueous bicarbonate
solution (pH 7.8) thatincluded the Ru or Os colloid was stirred
in a sealed flask under a gaseous atmospherethat included Hj
(0.75 atm) andCO> (0.75 atm), and no hydrocarbons havebeen
detected. Similarly, additionof the charge relay MO/"** to the

system did not lead to any hydrocarbon products. Yet, addition
ofa Pt colloid to the system thatincluded either Ru orOs colloid
and the charge relay, MQ^*,resulted in the formationof methane
and ethylene(CjH). Ina control experiment where MQ** was
excluded from the system, and Ru or Os and Pt colloids were

present, noreductionof GOj occurred. Similarly, whenthe Ru
or Os colloids wereexcluded andthe Pt colloid and MQ***were
present, only MQ"* was formedand no COr-reduction products
wereformed. This set of dark experiments clearly indicate that
thereductionofCOjto hydrocarbonsproceeds via electron transfer
rather thanthrough the hydrognationroute. The primary step
involves the Pt-catalyzed reductionof the charge relay MO/* (eq
13). The generation of the reduced relay, MQ**, allows the

subsequentreductionofRu or Osmetal-activated CO>to methane
and higher hydrocarbons (eq 14).

+ 2MQ** 2H* + 2MQ- (13)

8MQ- + 8H*
Ruoc Os

CH4 + 2H,0 + 8MQ** (14)

Oegani. Y.: Witlner. L /. CÄn.Sac. Tbo.2 198.37-41.

It should be noted thatthesecontrol darkreactions suggest a
newimportant route for the methanation process ofCO, (eq 9).
Atpresent, the reaction conditions usingHi asd CO; require high
pressures and elevated temperatures.*"' Ourresults indicate that
addition ofan electron rdayand proper etectron-transfermediating
catalysts affects the processat an ambient temperature andlow

pressure.
Pbotoredocnoa ofCOj with Ru(bpz),-^as Photosensruzer. The

results discusseduntil nowdemonstrate that H; evolution occurs

concomitantly to CO> reductionand the former process is the
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TEOA CH

- Bu ( oz )~ -^ ^- COj

Figure 4. Schematic cycle for photosensitizedreductionofCO,to CK,
using Ru(bpz)j^as sensitizer.

Table IL Quantum Yields and Turnover Numbers (TN) for
Hydrocarbon FormationUsing Ru(bpz)j-*
system"

I

II

<MCH<)
2.5 x l(T*

(0.15)
4.0 x ICT*

(2.4)

*(C,H<)
3.5 x 10-*

(0.014)
7.5 x 10-'

(0.36)

5

4

<KC,H)
x 10-*
(0.008)
x 10-'
(0.18)

TN[Ru(bpz),*-]
1.8

15

Systemcomponents: [Ru(bpz)3**"] = 1.0 x 10""* M. [TEOA] = 1
x 10^' M. (Ru colloidl = 20 mg L", [NaHCOj] = 0.05 M. Systems:
I, aqueous solution; II, water-ethanol. 2:1. *In parentheses volume
' * ) of products formed per hour.

predominatingreaction. Assuming thatCOj reductiondoes not

proceed through a hydrognationmechanism suggests that spe-
cifcity towardCO2 reduction might be designed. A strategy to

induceselectivity into the process and favor CO, reductionover
H2 evolution will involve the design of a couple composed ofa
reduced reiaycatalystsystem that exhibitsa kineticbarrier toward
H2 evolution but still allows CO, reduction. Ru(II) tris(bi-
pyrazine), Ru(bpz)}**, is a photosensitizer that absorbs in the
visible region (X^ 443 nm, * 15000 M~" cm"') and exhibits
a long excited-state lifetime (r = 1.04 fis).*-** It is reductively
quenched via electron transfer by various electron donors. Le.
tricthanolaminc, TEOA (eq 15). The reduced photoproduct,

Ru(bpz),**+ TEOA Ru(bpz),* + TEOA"
dec products (15)

Ru(bpz)j*V is a powerful reducing agent (=-QJkiV vs.SCE)
capable thennodynamically to evolve Hjas weil as to reduce CO;
to CH4. Nevertheless,it has been reported thatRu(bpz>3*does
not mediateH, evolutionat pH 7.S in the presence of hetero-
geneous catalysts such as Pt colloid.*' Thus it exhibits the kinetic
barrier for H, evolution and meets the basic requirementsto design
selective CO, reduction.
We thereforeexamined the redactionofCO, in an aqueous

system that includes Ru(bpz)}^ as photoscnsitizer, TEOA as

electron donor, and the Ru colloid as CO2 reduction catalyst.
Illumination of this system(pH 7.8, X > 400 nm) results in the
reduction of COj to CH* and the formation of oügomerated
hydrocarbons ethyiene and ethane (Figure 4). No Hj formation
is observed in these systems, and COv-reductkra productsare the
sole products. Table II summarizes the quantum yield for the
formation of the varioushydrocarbons and the turnover numbers
of the photosensitizer.

Control experiments revealthat indeed COjis pbotoreduced
to methane,ethyiene, and ethane. Illuminationof a system that
includes the colloids under argon instead of CO2 does not lead
to any hydrocarbonproducts. Also, exclusion ofthe Ruf.bpz)}**'
from the systemdoes not yield upon illumination under CO3any
hydrocarbonproducts. Thus, it is evident that a photosensitized
electron-transferreaction in the visible absorptionregion leads
to the reduction ofCO*.
A hydrognation mechanism ofCOj to the hydrocarbons in

thesesystems can be excluded since noHjevolution occurseither
in the presence ofCOjor under argon. ThatCO2is reduced via
electron transfer is evidentfromlaser flash experiments as well
as steady-state illumination. Excitationof an aqueous solution

(38) Crutchiey. R. J^ Lever. A. B. P. X vim. Own. Sot 1986. /02,
7128-7129.

(39) Cruhtey. R. J^ Lever. A. B. P. /<*. Oion. 1982.?/. 2276-2282.
(40) (a) DBrr. H4 Dorr.G^ Zengerle,IC;Cuichod. J.-M- Braun. A. M.

H*&. OWm./to 1984. i$d". 2652-2655. (b) D*rr. H4 Dorr. G^Zengerte.
K.: Mayer. E4 Carcbod. J.-Ku Braon. A. M. Wom;. 7. CÄtm. 1985. 9.
7I7-72a

Ru(bpz) -TEOA'

a, o

Figure 5. Transient spectraformedupon illuminationof Ru -- 1.--, ^-
X 10"* M,and TEOA,0.17 M solution, pH 9.5. Sysiemsar . Jhedi:
X 440 nm and product. Ru(bpz)j*\ is followed at X = *)(/ nm: (a
underargonor CO^; (b) in the presence of Ru colloid (20 mg/L) undc-
CO

! 2 3 4 5
Illumination Time [hours j

Figure 6. Rate of hydrocarbonformation as a function of äiur.-
timein the Rn(bpz),^ system: [Ru(bpz),^I- 1.0 x nr" M. (TEOA)
IX x HT* M, [NaHCCy - 5j0 x 10"* M. fRa coUoid] - 20 mg/L

pH 7.8, water-ethanol (2:1) solution anderCO? atmosphere. Key: (O)
methane; (A) ethyiene;() ethane.
that includes Ru(bpz),^" andTEOAunder argon bya Hght pube
(Xk * 440 nm) results in the trace displayed in Figure 5a. It

corresponds to the reductivequenching ofRu(bpz)j^*to form
Ru(bpz)j*(eq 15). The traceshowsaninitial decay for ca. SO

its and afterwarda steady-state accumulation ofRu(bpz)>*. The
initial decay is due to a recombinationofRu(bpr)3*withTEOA"*.
but sinceTEOA**is simultaneouslydecomposed,a nc -ucady-
state accumulation ofRu(bpz)j*is observed. Addttior. of CO;
(instead ofargon) does not aim the trace obtained upon flashing.
Thus,noelectron transfer from Ru(bpz)j*to CO> occurs. Ad-
dition of the Ru colloid to the system under argon results in the

decayof Ru(bpz)j*(r * 170 js), implying that electron transfer
from Rtt(bpz)j+to the metal coBoid occurs. In turn, flashing the

system in the presence of COj andthe Ru colloid results in the

trace displayed in Figure 5b. It is evident that under these
conditionsa rapid decay(r = 50 *ts) of the photogenerated Ru-

(bpz)3* occurs and R^bpz),**" is regenerated. NameK. photo-
generated Ru(bpz)j*is capable ofaffecting the dear

' " ' "7*'
to Ru-activated COi, a process that ultimately yis*-- -^ "

drocarbon products.
It is establishedthat Ru(bpz)j+ can be photogenerated

steady-stateilluminationof an aqueous ethanoi solution t

containsthe photosensitizer Rtt(bpz)j-* and TEOA.* ^J**
cumulation ofRu(bpz)j'in ethanoisolutions is presumabl>
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Figure 7. Effects of added CO, on photogenerated Ru(bpz)j*. Ab
jorpdonSpectra: C) Ru(bpz>j**, 1.0 X KT*M in water-ethanol (2:1)
underargon: ()photogeaeratcdRu(bpz>3*prepared by Ulumination
ofRu(bpz)j** in the presence ofTEOA,1.0x 10"* M:() obtained upon
injection of CO, to photogenerated Ru(bpz)j*. In all samples [Rn
coiloiiii = 20 rag/L.
to the rapidirreversible decomposition ofTEOA** in this medium
(cq 15). Thus, the effective photogeneration ofRu(bpz)j*in
cthanolsolutionssuggests thatenhancedquantumyields for CO;
reduction to CH* could be accomplished in this medium. We have
examined the photosensitized reduction of COj to CH* in a

water-ethanot (2:1) mixture usingRu(bpz)3**" as sensitizer, TEOA
is electron donor, and the Ru colloid as catalyst. Uliimination
of this system under CO, results in the formation of CH* and

higher hydrocarbons. The rate of CH* formation (Figure 6)
correspondsto a quantumyieldof< = 4.0 X 1(T*. This value
is 16-ibld higherthan the quantumyield forCHformation in
pore aqueoussolutionsand is mainlyattributedto the effective

photogeneration of Ru(bpz)j* in the ethanot-water solution.

Steady-state illumination experiments-onthis system in the absence
and presence of COj and the Ru colloid support the electron-
transfer mechanismfor reduction of COj. Illuminationof the
hanoh-watersolution that includes TEOAandthe photosensitizer
Ru(bp2)j-+ results in the photoreduction of RaCbpz)!** to Ru-

(kpz) j*. \x =* 470 nm (Figure 7, eq 15). Upon addition of the
Rucolloid or CO, the photogenerated Ru{bpz)j*is unaffected.
Addivon ofboth of the components,the Ru conoid and CO,,
rest. -. in the oxidationof Ru(bpz)j**" and evolutionofCE
implying thatthe photosensitizer is recycled in thephotosensitized
evolution of CH* as well as supporting the electron-transfer
Mechanism. It should be noted that illuminationof this system
performedin the region of X 420-450 nm. We find that

iOuminationofthe system with lightofX> 400nm resultsin poor
stability of the photosensitizer. The absorption spectraofRu-
(bpz)j-* andRu(bpz)*(Figure 7) show thatthe two components
exhibit anoverlap in their absorption bands. The poor stability
of the photosensitizer, underconditionswhere Ru(bpz)3* is also

cited,suggests that the photoproduct Ru(bpz)3*is itselfpho-
tractive andtransforms to a product inactive for COjreduction.
The relatively limited turnover number(TN>of the system, TN
~ 15. is thus attributedto the residual absorfaanceofRu(bpz)j*
" the excitation region (X 420-450 nm) that causes photo-
consumption of Ru(bpz)3**". We anticipate thatdevelopment of

Rtt(bpz),**-derivativeswhere the2+/1+oxidationstates exhibit
distinct nonoverlapping absorption propertiesmightincrease the

stabilityof the system toward CO, reduction.
Selecrirityin CO?-Reduction andH,-Evolurion. Thetwo systems

discussed for CO, reduction demonstrate that those systems that
'"ld relay yield a mixture of H, andhydrocarbons while the

2 4 6

[bpz] (10"* M )
10

Figure 8. H,-Evolution rate asa function of bipyrazine concentration:

{Ru(bpy),-*] = 1.4x 10- M.[MQ**3 * 1.0 X 10"' M. [NajEDTAl =
3.3 x l<r* M. [NaHCOJ 5.0x 10** M. [Ru cottoid] M mg/L, pH
6.0 under COj ionosphere.

Figure 9. CRt-Evolution rate as a function ofdithioihreitol concentra-

tion: [Ru(bpy),-*1 1.4 x i(T* M. [MQ**1 = LO x 10" M.

[NajEDTAJ3JX 10"* M.[NaHCOJ 5^X10^ M. ffta colloidl
20 mg/L, pH 6.0 under COi atmosphere.

system that inctudes Ru(bpz>3^is specific for CO, reduction only.
The laser flash studies (Figure 5) reveal that Ru(bpz)j* exhibits
a kinetic barrier toward Hj evolution. We have speculatedthat
the coordinationsites onthe iigands of RuOpz^-""" might interact
with the heterogeneous catalyst and consequentlydeactivatethe
catalyst toward the Hj-evobuion.process. We thusexaminedthe

Hrvolution process under argon usingRu(bpy),-""as sensitizer,
^* EDT d d h R

p
Q as charge relay,Na,EDTAas electron donor,and the Ru

colloid as catalyst in the presence and absence of bipyrazine.
Figure 8 shows the quantum yield for H, volution upon addition
of thebipyrazineligand. It is evident that H, evolution is retarded

as the bipyrazineconcentration increases, and at a concentration
of 1 X 10"^ M, no H,evolutionoccurs. Thuswe conclude that

Hj evolutionis prohibited by the bipyrazineligand. It should be

notedthatnoinhibitory effect in Hi evolutionis observed with

2^-bipyridine or 3,3'-btpyridine as additives. Under COi the

inhibition profile ofH, evolution with addedbipyrazine is similar
to thatobservedunder argon. Yet, also COjreduction is inhibited
to someextent by the addition of bipyrazine, and at [bipyrazinej

1 X 10"' M Hj evolution is totallyblocked whilethequantum

yield of COi reductionto CH4 decreases to 30% of its value in

the absence of bipyrazine.
Sirrulariy, specificity toward Hjevolution can be designed. COj

reduction can be eliminatedin the two systems by the addition
ofthiols. In the presence of these additives Hj evolutionis not

affected. We have examinedthe photosensitized reductionofCO2
and Hievolution ina systemcomposedofRu(bpy)3**as sensitizer,

MQ"*as electron relay,Na^EDTAas electron donor, and theRu
colloid as catalyst. Figure 9 shows the rates of CO, reduction
to CHat different concentrations of addeddithiothreitol(DTT).
Itshould be notedthat theadded thiolsdo not inhibitH-, evolution.
Furthermore, with DTT thequantumyield for H^ reduction is

slightly increased. It is evident thatthe added chiol inhibits COi
reductionand at 8 X 10"' M DTT CO, reductionto methane is

prohibitedwhile the H, evolutionyield is unaffected.
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This deactivationof the Ru colloid by thiols toward CO; re-auction is general, and cysteine or mercaptoethanol show similarinhibitioneffects. We thus conclude that thiols prevent the re-auction ofCOj, and selective Hj evolution can be accomplished.Added bipyrazineshowsinhibitoric effects toward H, evolution
as well as COj reductionalthough the deactivation ismore pro-nounced toward the formerprocess. We anticipatethat otherligands might show higherselectivityin the degree ofdeactivationof these reactions. Also, the possibility to control the selectiveCOj-reductionor Hy-evolution process suggests that on the Rucolloid exist distinct and different catalytic sitesfor the two re-actions.

Conclusions
We have discussedthe novel application of Ru and Os colloids

as catalystsfor the photosensitized CO2 reduction to CH<. ThefixationofCO2 to CH4 in aqueous solutions is accompaniedbythe kinerically favored Hi-evolution process. Ourresultsemphasizethat selectivity toward CO2 reductionmightbe accomplished by
proper design of a relay-catalyst configurationthat exhibits ov-
erpotential properties toward H2 evolution. In this respect we find
that bipyrazine acts as an inhibitor thateliminatesHj evolution.
Similarly,thiols eliminateCOi reductionbut donot affect eve-
lution of H2. The multielectronfixation ofCO2 to CH that
involves eight electrons is certainly a stepwtse process that involves
various intermediates. We emphasizethat no other reduction
products ofCO2, i.e. formate, formaldehyde, or mcthanoL, could
be detectedin tiie photosensitized traitsforrnationi. We osve siown
thatC2hydrocarbons (ethaneand ethyiene) are also formed duringthe photoreduction of CO> The formation of these products
suggests that RuCH (̂orOsCH2)and RuCH3act as in-
termediatesalong the photoreductionofCO2 since ethyiene would
beformedbythe dimerization of thecarbene species wMteethane

/. v4m. CAcm. Soc. I987, /OP, 6086-6092

is anticipated to originate fromdimerizationof the mctal-n^c, 1intermediate. It should be noted that similar intermediates h-
"

1been suggested**in the methanation process ofCO,. ^

Our study has emphasized that photoreductionof CO, ocvia electron transfer followed by protonation steps rather iby a hydrognationmechanism. The control experimeriis
were appliedto elucidatethe mechanistic aspects of the photreductionof COi revealed that the photochemically generatereduced relays Ru(bpz>3*or the bipyridinium radicals mdiatthe reduction ofCO2 to CH4 in the presence of Ru or Os cailoid:Since bipyridinium radicals can beproducedby H, and hcterogeneous catalysts, we might envisage routes to devdop no\cmethanation reactions or electrocatalyzed methanation processcthat proceed at ambient temperatures and atmospheric pressurivia an electron-transferpathway. Further attempts to characteramechanistic aspects involved in the photoreduction of CO, umethane, development of otherCOj-reduction catalysts, and thedevelopment ofthe dark electron-transfer reduction processes oCO2are now under way in our laboratory.
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CyclobutenePhotochemistry. NonstereospecificPhotochemical
Ring Openingof Simple Cyclobutenes
K. Brady Clark and WilliamJ. Leigh"

ri
itoni/ion,

o/"CXmj*ry,

Abstract: The photochemistryofbicydo[3X0]hept-6-cne,bicydo{4X0]oct-7-cne,andci- and lrOTj-3,4-<Jimethylcyclobutenehas been investigated in hydrocarbonsolution withmonochromaticfar-ultravjoiet(185and 193 mn) light sources. All of these
simplecydobntene derivativesundergoring openingto yield the isomericlj-dienes. and the latterthree open nonsteieüspecifieaüy
to yield mixtures of the possible geometric isomers. Thekomeric 3,4-dimetliylcyclobutenes yidd different mixtures of the
three 2,4-hexidieneisomers, and in each case the mixtures are weighted in favor of the orbitalsymmetryforbidden isomer(s).
Attempts havebeen madeto analyze dierelativeisotnericdiene yieldsfrom ring openingof bicydo{4.Z0}octeneand theisomcric
3,4-dimethylcydobuteneswithin the context of the purely disrotatory,adiabatic ring-opening mechanismthat recent ab initio
calculations suggest should be possible. While the results for the former compound are consistentwith this mechanism, analysisof the relativeyields ofthe isomeric 2,4-hexadienes from photolysisofthe lattertwo compoundsindicates that photochemicalring opening by the formallyforbidden, conrotatory pathwaymay compete to some extent with disrotatory ring opening.

In spite of the central role thatthe thermal-*-*andphotochem-
**** mtercauverskmsof cyclobutene and 1,3-butadieneplay

(1) Natural Sciences and Engineering Research Councu of Canada
UnivcratyResearch Fellow. 1983-1988.

(2) (a) Winter. R. E. K. rwAfroBLot. 195,1207. (b) Brauman.J.
L; Grfden, D. M./. /tot Con.5oc1968.90, 1920. (c) Sriaivan.R. /.
ym. C*<m. Ä>t 19. 97. 7557. (d) Branroan. J. L; Archie.W.C. /. -4m.
CAn. 5oc. 1972. W, 4262. (e) JaansK,J. M^ FroK, J. L: Moore. C. B.
/. CAem. i'Aj. 1983. 79. 1312.

inour understandingofpericyeficreactions,*there are few reported
examples that illustrate the photochemical electrocycüc ring-
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Effective Photoreducrion of COj/HCtV to Formate

Using Visible light
Daniel Mandler and Itamar Wfllner*

2>ep<wrmtf o/ Organic
TAfferew CAuberaxzyo/Jerata/em

. /xrae7

Photoreduction of COi and its aqueous forms to organic
products is a challengingsubjectas a means ofmimickingpho-
tosynthesisandsolar energy conversion and storage." Photo-

reduction ofCOj to formate has beenreported withuse of ho-
mogeneouscatalysts,* semiconductor powders' orelectrodes,*and
the enzymeformate dehydrogeitasc' Recently,we wereableto

photorcduceCOj to mcthanejalthough in low yields. Electro-

catalyzed reductionsofCO,have beenextensively studied,"but
these donot occur at the thermodynamic potential for formate

formation. Wrighton et al. have examined"* the reductionof

HCOj"to formate by hydrogen andthe ctectroreduction ofHCO3",
in the presence of various supportedpalladium catalysts,in which
effective formate production has been accomplished at room

temperature close to the thermodynamicpotentiaL Interestingly,
the photosensitizedreduction of CO2/HCO3"using Pd-bascd

heterogeneous catalysts has not been reported. Here we wish to

report on the designof a novel heterogeneousPdcolloid stabilized

by /3-cyclodextrin (jS-CD)" aad its applicationin die effective
reduction of COj/HCOj"to formate. Highquantumyields, *

1.1 are reported for formate production. We find that the jS-CD
support strongly affects the catalyst activity.

Photoductionof 7VJV'-<iimethyl-4.4'-bipyridinium salt, meihvi
viologen. MV^, with various sensitizers and sacrificial electron
donors, has been extensively explored m recent years.'*" Krasna
has found" that deazariboflavin, dRFl (1), acts as an effective

CHjOH
I

tCHOUh

CHj
I

photosensitizer for the reductionofMV*+. For example, in the
presence of oxalate as electron donor, MV"* is photogenerated
in quantum yields <> I. Comparisonof the reductionpotential
ofMV~ ((MV>7MV~) = -0.45 V vsNHE") to the ihcr-

modynamic potential for formate formation(^(HCOs'/HC-'
= -0.42 V vs NHE,"at pH 7) suggests that the thermodyiu .>

balance for the processoutlined in eq 1 corresponds to AC* ~

2MV-+ + HCO,-+2H+ 2MV" + HCOi"+ HjO ( 1 )

0. Thus, by the light-driven generationofMV** high concen-

trations of formate could, in principle, be accumulated. Yet, this

process is kineticaily unfavored, and no formate is formed is
systems thai include COj/HCOj,"and photogenerated MV*.
We find that Pdsupportedon0-CD ace as aneffectivecatalyst

for the photoreductionof CO2/HCO3",by MV**. The system
was composedof as aqueous sodiumbicarbonatesolution (3 rt 1
006 M, that included deazariboflavin, dRFl (1), as photasensr.. - :r.

8 X 10"* M, MV**, 2 X 10"* M, as primary electron acceptor.
and oxalate as sacrificial electron donor, 0.06M. Pd-ß-CD colloid

(30 mg-L"') was added to the solution, and CO, was bubbled *

through the system (final pH 6.8). Illuminationof the system
(X > 400 nm), at 30 "C, results in the formation of formate.
HCOr,andtrace amountsofhydrogen. Figure 1 shows therate
of HCOj"and H^ formation at time intervals of illumination."
The quantum yields correspond to ^CHCOa")= 1.1 and<(H:)
* 0.03. Control experiments reveal that in the absence of

COj/HCOj- the majorphotoprodmct is Hi (eq 2), * = 0.11 ^nd
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(9) (a)Temka,M^ Ya^ma,T4Tsadiiya. A. /. ^4m. Cn.Sot 1982.
;(W, 6834. (b) Slater. S4 Wagenknecht.J.a;.A.Oiem. &>c 1984,10$.
5367. (c) Hawecfcer, J^ Lehn. J.-M4 Ziessei. R. 7. Oem. Soc, CAem.
>nm>/L 1984. 328.

(10) (a)Stakter.CJ-CtoxS4Surae.D.P4Wrigiton.M.S-/.y4m.
CÄm. Äoc. 1983. /05.6318- (b) Chao.Su Stabler. C J.: Samimas. D. P4

Wrigte, M. S. /. An. CSe. Soc. 1984. /Otf. 2723.
(11) The colloid ofPdnabilized by/S-CD wai prepared by heatinga M

x 10"MPd<X^solMionthatiiictodedM3>(15&w/w>at70'>Cforseveral
minuta till the color changed. Heating was continuedanother2-3 min. The
coiloid was (hen dejonized(with Amberlite MB-1) and centrifugated (5000
rpm. 30 min). The mean particle diameter of the colloid was estimated to
be 150 by electron microscopymeasurernents. Preparation ofmetal cofloids
stabilized by cydodextrinshas been previously reported. Cf. KonriyamaM^
Hirai. H. flt//. Otent. 5oc. -fp*. 1983. 5, 2833.

only traceamountsofHCOj~are formed byin situ generation
of COj by the oxidationof oxalate (vide infra). Ako, in the

absence of the Pd--CDcolloid no HCO2"orHj are produced.
andMV"*is the onlyphotoproduet,#(MV*) 3-S. Iluminaton
ofan aqueous system thatincludesdRFl (1), MV** as electron

acceptor, oxalate as electron donor, and a Pt colloid stabilized
by0-CD resultsin the formation ofH> and no formate is formed.
Theseresults deariy indicate thatformate is not formed by the

sacrificialoxidation of oxalate and that Pd-/3-CD is a sr^ lc

catalyst for the photoredaction of COj/HCOj"to form.-... *

Comparison of the amount of photogenerated formate to the

C12) (a) Wfflner,L: Fort,W.Ei Owos. J.W4 Cain. M. In 5&>e/n>-
dbefmfO^: Keyzer. H.. Gutmaim, F^ El$4Plenum Press: NewYork. 1980.

(b) MoraapwavA^ArooByaUE^ Keller, P.; Kagan. H. iVono./. Cfct. 197.
2.547. (c) Kalyanasundaram, KuGratzd. M.ifeto. CAim./4cia 1978. <H.

2720.
(13) (a> Amooyal. E4Sdkr.B^ Keller. P. Mm./. CKm. 1983.7.725.

(b) Kalyanasundaram. K. Coori. Owm.72. 1982., 159.
(14) Krasaa. A. I. PAotocA. rtio>o/. 198, li. 75.
(15) Ito. M4 Kwwana. T. J. /emxoifl/.CÄern. /mi/<k./-"

" ~

1971. i2. 415.
(16) Latnaer. In 7%e OxidaJioit Siflio o/int /naicrantr 7>- -;^

tnifiaij in /ttcantx 5oyiuonj. 2nd et: Prentice Halt New York. 1?-

(17) Formawas analyzed by two complementary methods: ion chiv-

nmography (Wescan ionexclusioncolumn. 2 X 1(T'N HjSOi as elucnO^'

by an enzymatic assaywith use of formate dehydrogenase.
(18) AtpH S5 no formate is photogenerated.and the only pfaotoproouct

h Hi. This suggests that HCOj"is the substrate bongredMced to forma

rather than COj. Intbespeciriedsystans.pHiCOitaddtomaioia'
constantpHand HCOf concentration.
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12 3 4

Illumination time C hours )
Figare 1. Rate offormate () and hydrogen(O) formation a function
cm illumination time.

(c)

Figure X Transient decayofMV"~ followed at X * 602 am in systems
composed ofdRFL4x r*M;MV"\ 1 x l(T*M;aadoxalicacid.6.7
x 10-* M. (a) Without COj/HCO,-or Pd-0-CD. (b) Wfetamt CO/HCOj- and with Pd-S-CD (30 mg-L"). (c) WithCO/HCO,~ (6.7 X
10-- \> and with Pd-0-CD (30 mg-L""). AH systems were adjusted to
PH 7 and degassedby either CO2 (b) and (c) by Ar (a).

amount ofPd-0-CD catalyst included reveals thatthe catalyst
performs ca. 10 turnovers.

It is evident thatthe Pd-0-CDcolloid is a poorcatalyst for H,
evolution. Comparison of the quantumyields obtained under'
steady-state illuminationofMV** production to those ofHCOV"
and Hj formation suggests that the catalytic processesare the
rate-limiting steps. Laser Hash photolysis studies have confirmed
that Pd--CD is a superior catalyst for COi/HCOj"reduction
as compared to Hj evolution (Figure 2). Flashing the system

that includes dRFI. MV'*, and oxaiatc results in the steady-state
accumulation of MV'* (Figure 2a) as a result of the photorc-
duction of MV-+. Addition of Pd-jJ-CD in the absence of
COt/HCOj- (Figure 2b) induced a slow decay of MV**due to
H,evolution. Addition ofCO^HCOj"(Figure2c) to the system
effects a rapid decay of MV"",implying that the rate of CO>/HCO3- reductionis substantially faster than Hj evolution.

Formate. HCO;~, reduces MV-+ in the dark in the presence
ofPd-#-CD (eq 1 ). This allows us to examine the catalyticactivity
of the Pd colloid in the presence of various additives, and par-ticularly in the presenceof sacrificial electron donors, by means
of the reverse formate decomposition process. We find that
common electron donorssuch as thioisand the photodecomposition
products ofEDTA (formaldehyde) inhibit the catalytic activity
of Pd-#-CDtoward formate decomposition. Accordingly, no

photoreduaion of CO2/HCO3" is observedin the presence of these
electron donors. Oxaiate does not inhibit the catalytic activityof Pd-0-CD and explains the success to phototnducethe reduction
of COj in the presentsystem.

In conclusion,we have developed an effective system for the
photoreduction of CO2/HCO3" to formate by visible light. It
should be noted that the0-CD support for thePd colloid is ex-
tremely important to its catalyst activityand Pd colloids prepared
by the reductionwith citrate or stabilized by polymers, Le. polyvinyl alcohol, are inactive towardformate production. Previous
studies'* have indicatedthat hydroxyl-containingsupports.Le,
alumina, participate cooperatively in the activation ofCO2byPd
metal. Similarly, cydodextrins have been claimed* to associate
COj, and derivatized cydodextrinscatalyze the hydration ofCOj.*Toe possible cooperativeactivation ofCOj/HCOj~byjS-CD aad
Pd are now being investigated.
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Incorporationof D-Amino Acids into Peptides via
EnzymaticCondensation in Organic Solvents

Alexey L. Margolin, Dar-Fu TaL and
AlexanderM. KUbanov*
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Anumberofbiologically active peptides, including important
antibiotics, synthetic vaccines, and enkephalinsand other hor-
mones. contain D-amino acid residues.' Although enzymes,
namelyproteases, are becomingincreasingly popularas catalysts
of peptide bond formation,-this syntheticmethodology (as well
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S.: Meienhofer,J, Ed4AcademicPress: Orlando. 19&4; VoL 6. pp 269-321.
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PHOTOSENSITIZEDREDUCTION OF BENZYL AND OCTYL VIOLOGENS
IN ß-CD AQUEOUS MEDIA

Itamar Willner*, Eti Adar, Zafrir Goren and Bilha Steinberger

o/ Organ/c C/iem/sffy and 77re fi-rar Ateöer /?esaare/j Cenrerfor A^o/ecu/a- Oynam/cs,
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Resume. Le N.N'-dioctylbipyridinium4,4' (octyf viologne,CaV**), ainsi que le N,N'-dibenzylbipyridinium ,

(benzyf viologne, BV^*), forment des complexes l'tat fondamental avec le photosensibilisateur Zn(ll)-mso-
rtraphnyl sulfonate porphyrine,Zn-TPPS*~. La formation de cescomplexessupprimela photorductiondes CgV**
et BV**, cause de la recombinaison des photoproduits dans la structure des complexes. En prsence de
p-cyclodextrine (ß-CD), la photorduction de CgV** et de BV** se passe de dsactivation de l'tat triplet du
Zn-TPPS*~ excit. On dmontraque le ß-CD prend part ta rduction photosensibilisedes BV** et Ce\r* de 3
faons complmentaires.1 II spare tes complexesdestructifs l'tat fondamental ; 2" 11 aide la sparationdes
charges, et stabilise les photoproduits contre tes ractions en retour de transfert d'lectrons ; 3 II empche
ragrgation des relais rduits CaV^ et BV^. Ces effets rsultent de l'association slective des CaV** et BV**, ainsi
que des variantesrduitescorrespondantes, la cavithydrophobe du ß-CD.

Abstract. N,N'-droctyl-4,4'-bipyridinium, octyf viologen. CgV**, and N,N'-dibenzyl-4,4'-bipyridinium, benzyl
viologen. BV**, form ground state complexeswith the photosensitizer. Zn(ll)-meso-tetraphenylsulfonatoporphyrin.
Zh-TPSS"*".The formation of this complex eliminates photoreduction of CgV** and B\r"* since the photoproducts
recombine in the complex structure. In the presence of ß-cyclodextrin, (ß-CD). photoreduction of CV** and 8V**
occurs wa quenching of the triplet state of excited Zn-TPPS*~. It is demonstrated that ß-CD participates in three
complementaryfunctions in the photosensitizedreduction of BV** and CgV** : /) It separates destructive ground
state complexes ; //) It assists charge separation and stabilizes the photoproducts against back electron transfer
reactions and /w) It prevents aggregation of the reduced relays CV^ and BV^. These effects are a result of tire
selective association of CV*""" and 8V** and their reducedforms to the hvdrophobiccavity of ß-CD.

PhcHosensitized electron transfer reactions using visible
Seht are of substantial interest as a means of solar energy
conversion and storage'"'. To accomplish high quantum
ields in the photosensitized transformations,effective charge
separationof the initial encountercage complex (I) and
*tebilization of the photoproducts against back electron
ansferreactions (2) are required \ Variousorganized micro-
kterogeneous environments such as micelles **,
polyelectrolytes *. charged coffloids", vesicfcs * and
"croemulsioas" havebeen utilized to assist chargespara-
jion and retard the recombination reactions. Recently, we
"ave applied ß-cydodextrins (ß-CD) in aqueous media as

Molecularreceptors that stabilize the intermediate photopro-
Vts against recombinationreactions '*.

'* A
/rv

S* + A" (1)

(2)

* To whom ail correspondence should be addressed.

ß-CD are cyclic polysugars composed of glucose units
linked by 1^-a-glycosidebonds. The cyclic structureincludes
an hydrophobiccavity capable of accommodanng organic
substrates""". Thus, by the selective associationofoneof
the photoproducts to the ß-CD cavity stabilization of the
photoproductsagainst back reactionscoul be accomplished.
A second difficulty often encountered in photosensitized
reactionsis the formation of sensitizer-acceptor ground state

complexes(3). Theformation ofthesecomplexeshas destruc-
tive consequences on the net photosensitizedelectron transfer
process. As the photoproducts are stabilized by similar
interactions rapid recombination reactions occur and no

charge separation is accomplished (4).

S + As=(S...AJ
[S...AJ

S* + A"

(3)

(4)

Here we wish to report on the photosensitized reduction
of N.N'-diocryW.^-brpyridinium. CV*-\ (1), and N,N*-
dibenzyM.^-bipyridinium. BV* *, (2), in aqueousmedia in the
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absence and presence ofß-CD. using ZnUn-meio-tetraphenyl
suifonato porphynn. Zn-TPPS*"\ as sensitizer. We discuss
three separate functions of ß-CD in the photosensitized
electron transfer reactions : ;") Separation of ground state

complexes betweenZn-TPPS*" and the electronrelays CV-~
and BV-" and its consequences on the photosensitized
transformations : rt) Stabilization of the photoproducts
against back electron transfer reactions, and m) Stabilization
of the monomericforms of the reduced photoproductsC
and BV' and elimination of aggregated reduced relays.

r-nO

(1) R = C.H,,
(2) R - PhCHj

Experimental section

Absorption spectra were recorded with a Uvilcon-820 (Kontron)
Spectrophotometerequipped with a \|/-80 computer for spectra accu-
mulationand manipulation. Fluorescencespectra, were recorded with a
SEM-25spectrophotometer(Kontron). Hashphotolysis experiments
were performed with a OL 200 (Molectron)dye laser pumped bya
UV-IU(Molectron)nitrogen laser. Flashes were recorded on bioma-
tion 8100. and pulse collection was performedwith a Ntcolet 1170.
Steady stattilluminations were performedwitha 1 000W halogen
quartz lamp. Light was filtered througha400 nm cut-offfilter. Photon
flux was determined by Rdneckesalt actinometry '* to be 2 x 10"*
Einsteins.!." '.mitt"'.
For stcarfy state illmninatioii an aqueous pitospuue buffer solution.

pH 8.5. 3 mL that includes the photosensitizer. Zn-TPPS*".
3-2 x 10"* mol L'^. the efcetroa acceptor CtV*" or BV**.
5 x 10-* moi L~* and the sacrificial electron donor (NH*.>jEDTA
1.0 x 10" ' mol L~' was used. In the desired systemsß-CD (Aldrich)
was added at the specifiedconcentration. The solutions were tntrodu-
ced into a glass cuvette equipped with a stirrer. valve and septum
stopper. The solutions were deaeratedwith oxygen, free argon and
illuminated. CV~ and BV were followed spectroscoptcaily at

X - 602 nm (e - 13 800 mol" L.cm"'). (C,V*h and (BVf)j where
followed at X = 569 nm (e 6 200 mol" ' Lxra

" '). For flashphoto-
lysis experimentsbuffer solutions.pH = 8-5. that include Zn-TPPS*",
7.6 x to~* mol L** and the electron relay CV** or BV**.
4 x 10"*. were used. P-CD was added. I x 10"*mol L"'. to the
desired systemsand the deaerated solutions were flashed with argon.
To follow theT-TPPS*~ formationand quenching,the system was
excited at X 555 nm and the triplet yield and lifetime were followed
at A. 840 nm. Photoproducts were followed at X 602 nm for
CtV* and BV" and at X - 580 nm for {C.Vh and (BV*)i-
For steady state fluorescence measurements the photosensitizer was
followed at X 600 nm.

Results and Discussion

COMPLEX FORMATION BETWEEN Zn-TPPS"
CV-* and BV-*

AND THE RELAYS

Ground state complex formationbetween metalloporphy-
rins and charged electron acceptors is well established. For
example. Pd-TPPS~* forms a complex structure with me-

thylviotogen. MV**, and the zwitterionicZn(II>meso-tetra-
propylasulfanato-pyrtdinium porphyrim Zn-TPSPyPforms a
complex with anthraquinone-2.a-disulfonate'-. These com-
plexes are essentially a result of electrostatic attractions
between the oppositely charged components,although addi-
tional stabilizationby charge-transferinteractionscannotbe
excluded.

Stepwtse addition ofCV-
*

orBV-*
toanaqueous solution!of the sensitizer Zn-TPPS*" results in substantialchanges in'

the absorption spectrumof the sensitizer(/^. I). The gradual
changes in the absorption spectra upon addition of the

-0.4-
350 4O0 X nm 4S0 SCO

Figure I.Absorption spectra (top) and differential absorption
spectra(bottom) ofZn-TPPS'-(4.2 x io~' moi L"'} obtained after
additionof BV** : (a)no added BV** ; (*) {BV**] - 6.6 x tO"' moi
L"' :(c)[BV**] -9.9 x HT*moi L

1.6 x 10"' mol L
U x 10"*mol

electron acceptorandthe presence ofisosbestic points suggest
the formation of a sensitizer acceptor complex (5). From the
absorption spectrachanges, and using the Benesi-Hildebrand
equation ", the associationconstants.., (6) were estimated
to be iC = (2.0 0.3) x 10*mol"'L for OV** and
JC - (li 0.4) x io*mol" L for BV--.

Zn-TPPS*"+ V-* = [Zn-TPPS*- ... V-+]
V** - CaV-* orBV^* (5)

The addition of CV**" or BV^* to an aqueous solution of
Zn-TPPS*" has also a substantial effect on the emission
propertiesof the sensitizer. The solution of the free sensitizer
exhibits a fluorescenceband at X = 600 nm. Upon addition
of CV** or BV** the fluorescence emission is quenched
(f/y. 2). Assuming that only the free Zn-TPPS*' exhibits
fluorescenceproperties, while the sensitizer in the complex
structure doesnot emit, the concentration offres and assoaa-
ted Zn-TPPS*-can be determined (7). Using these assump-
tions. the derived association constants for the complexes
[Zn-TPPS*- ... V-"] correspond ä;(2.3 0.4) *

10*mor'L for CV-" and JÜ = (1.9 i O3) "

10* mol"' L for BV'\ values that are in good agreementto
those obtained from the absorption spectra changes.

[Za-TPPS*-^ - [Za-TPPS*-]o - [Za-TPPS*" ... V-*](7)
Addition of ß-CD to an aqueous solution ofZn-TPPS^

and CgV** or BV^* has a significant effect on the stability
of complex (Zn-TPPS*" . V-*], (f7f. 2). Tte fluorescent
intensity of Zn-TPPS*~ decreases'upon addition of CV
or BV^* due to the formation of the complex that lacks
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Figure 2. Fluorescence spectra
of Zn-TPPy' (Z8 x 10"' mol
L"') upon addition of BV-* : (a)
no added BV** ; (*) ^

* "

650

6.6 * 10~*mol L" ; (c) [
- 9.9 x 10"' mol L~' ; (d)

- U x 10"'mol L"';
[BV**I - 1.6 x

-': (/){BV-T- u
x 10"*mol L"' and [ß-CDJ -

1.0 x 10"-mol L"'.

()

luminescence characteristics dueto internat quenching. Upon
addition of ß-CD, the original emission properties of the
photosensitizerare restored in the presence of CV** and
BV-". These results dearly indicate that the complex is
separated in the presence of ß-CD. The separarioa of the
complex is attributed to the selective associationof CV**
or BV-' to the hydrophobic cavity of ß-CD (8).

ß-CD ß-CD (8)
Knowing the association constant of the complexes [Zn-
TPPS*~ . V**J, and by assuming that the fluorescence
intensity correspondsto free Zn-TPPS*~only, the concentra-
on of free sensitizer [Zn-TPPS*"]/ and boundphotosensiti-
zer[Zn-TPPS*~ V**J can beestimated at every concentra-
tion ofß-CD.Also, theconcentrationsofvioJogensassociated
with Zn-TPPS*",ß-CDandin the free forms can becakutoted
(9). Deriving these parameters enables aie calculation of the
association constants ofCV** and BV** to ß-CD (10).

or BV**,
/ and

(10)

where [V-*Io is the total concentration of CV*
[Zn-TPPS*- ... V**J - Zn-TTPS*~]o - T
[V--] J*
*co = [V-* ... ß-CDJ/[ß-CD]
The association constanst of

(CV**) (5.6 0-5) x

(1.4 0^) x 10* mor

* and BV** to ß-CD
lO^mo!'* L and
L.

"<OTOREDUCTrON OFCjV**ANDBV"*
PhotoreducQon of^^-btpyridiniumsate (vioiogens)haskeen extensivelyexplored in the past yearssince these reduced

fotoproducts, viologen radicals, mediate Hi-evolutkm in
isenceofmeficolloidssuchasPt.PdorRh'"'.Sped&aüy
(*otoreduction of N,K-bipyridum salts using Zn(II>-
Porphyrins as sensitizers has been the subject of various
Sports *. It has been found** that the positively charg-
1 Zn(II>meso-tetramethyipyridinium porphyrin, Zn-

*. photosensitizeseffectively the reduction ofN,N'-

dunethyi-4.4'-bipyridtnium (methyl viologen),
(<p - 0.75 0.08), while Zn-TPPS*" is a poorphotosensiti-
zer forthe process (<p < 0.1). As we shaU see. the poor activityof Zn-TPPS*~ as photosensitizer. is due to ground complexformation between the photosensitizerand viofogen acceptor.
ContinuousilluminationofanaqueoussolutionfpH 8.5)that includes the photosensitizer. Zn-TPPS*",

3.2 x 10"* mol L~', one of the electron acceptors. CV**
or BV**, 5x 10"* molL"', and the electron donor
(NHa)jEDTA. 1.0 x 10"'moiL"', does not yield any redu-
ced 4,4'-bipyridiniumradical cation, CgV* or BV^. Yet,
upon introduction of ß-CD to the aqueous solution,
1.0 x io~* mol L', effective formationofthe radical cations
is observed (/fr. 3). nKCgV?) = 8 x 1O"*, tp(BV^)7 x 10"*. Interstingly, whenthe photosensitizerZn-TPPS*~
is substitutedby Ru(H)-tris-bipvridine. Ru<bpy)j-*,photo-duction ofCgV^* and BV** occurs in the aqueousmedium

3JD0

350 470 580 690
Xnm

300

Figtire3. Absorptionspectra ofCV^ at 1 minute ti
of üiwmnaiioii : [Zn-TPPS'-l - 3^ x [0"* moi L"' ;
5.0 x 10"* mol L~': {p-CD] - 1.0 x 10"'

- 1.0 x to" mot L"' : pH 8-.
mot L"

as well as in the ß-CD aqueousmedia '*. Nevertheless,in the
absence of ß-CD the dimer aggregates of octyl viologen
radical and benzytviologen radical are formed. (CV^)2 and
(BV"!")i, (/^f. 4), white in the presence ofß-CD themonomer
viologen radicals, forms of CV^ and BV*. are produced.
These results suggest that CV~" and BV^ aggregate in
aqueous solutions (II). This property presumablyoriginates
from the hydrophob:nature of the reduced radical cations
CV* and BV*. Earner studies have indeed indicated that
amphiphilic btpyridinium radicals tend to aggregate,andwith
Ci*MeV*. even miceilar aggregation in aqueous solutions
has beenreported.In the presenceofß-CD theseaggregation

S>b-pTrve associt! nfrh^mnnnmwp
radical cations CV* or BV" to the hydrophobiccavity of
ß-CD,thatcanaccommodatethemonomerradical only, shifts
the monomer-dimer equilibriumand aggregates formation is
prevented(12). Thus, we conclude that the ß-cydodextrin
molecular receptor prevents the aggregation of CV* and
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Figure 4, Absorptionspectra of tucy
products obtained by illuminationofthe foilowtn
svstems : (a) Photoproduct (C|V"v,KCV**] - 5.0 x I<T> mol L-' : [RWbpy^-] ,

5.5 x 10"'moi L": [NaiEDTA] - uj
10"' mol L~' ; pH - 5-5 : (A) Photoproduct
CV^ : like (a) in the presence of p-CD ( U) x
10"-mol L~'): (c) Photoproduct (BVr),-[BV-*] - 5.0 x 10"' moi L~' : [Ru(bpy)j-n
5.5 x 10"* mol L"' ; [NajEDTA] - ij) ,
10"' mol L~' : pH - 5.5 ; (<*) Photoproduct
BV^ : like (<r) ia the presence of ß-GD (I.Q x

!0"-molL"');(e)PhotoproductBV=":{BV-*l
- 5 x IO~* mol L"' ; (Zn-TPPS*"] - 3.2 x

10"*molL"';[(NH,)jEDTA] 1.0 x 10"'mol
L~' ; [ß-CD] - L0 x 10"- molL"' ; pH - Sj.

BV* in aqueous solutions,due to the specific binding of the
reducedphotoproduct to the receptor cavity
2V* = 1/2 (V*),
ß-CD + Vf sä[V

CV* or BV*)
ß-CD]

(H)

(12)
WithZn-TPPS*~ as photosensitizerao photoreduction of

CV** or BV'* occurs in aqueous media in the absence of
ß-CD. Control experimentswhere glucose (the monomer
moleculecomposingß-CD)is addedto the aqueous medium
to substituteß-CD reveal that no photoreduction ofCV**
or BV** occurs upon illumination.Also no photoreduction
ofCV** orBV** is observedin the presence ofß-CD when
(NKOsEDTA is excluded from the system. Similarly, no

photoreductionofCgV** or BV**" occurs in toe absence of
the photosensitizer.These experiments dearly indicate That
ß-CD does not act as electron donor in the system, and other
functions of the molecular receptor in the photosensitized
reduction ofthe bipyridinium sale are operative.
To understandthe functionsofß-CD inthe photosensitized

reduction of CgV** and BV** by Zn-TPPS*~, we have
examined in detail the photophysical propertiesofthe photo-
sensitizer in the presence ofthe two electron relays and the
effects ofadded ß-CD ob the photosensitizerpropertiesby
means oflaser flash photolysis.Also, the different steps and
functions ofß-CDinvolved in the photosensitizedtransforma-
tion were elucidated by this technique. Excitation of Zn
TPPS*~ in an aqueous solution leads to the formation ofa
short-livedsinglet state that decays to the relatively long-lived
triplet state (t 1.5 msec) '* (13).

Zn-TPPS*- (13)
Addition of CV** or BV**. 8 * l0~*molL"', to the
aqueous solution of Zn-TPPS*~ prohibitsthe formation of
the triplet excited state and no intermediate charge separation
ofphotoproducts is detected.At these concentrations of the
charge relays the photosensitizer is entirely present in the
complex structure[Zn-TPPS*~... V**]. Thus, the elimination
of triplet state formation is attributed to static internal
quenching of the singlet state by the relay in the complex
structure.We believe thatthe quenchingprocsproceeds via
electron transfer yet the stabilization of the intermediate
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photoproducts in the complex structure prevents charge
separationand rapid recombination of the photoproductsin
the encountercagecomplex occurs (14).
fZn-TPPS*-... V**] -^L {Zfl-TPPS*- . V*}-

*
}

V**J
Addition of ß-CD, I x lO~*molL~', to the aqueous

solution separatesthe photosensiozer-viologen complex, and
the bipyridinium relay is associatedwith the ß-CD receptor.
Flashing this system results inthe restorationofthe photophv-
sical propertiesofthe photosensitizer. ic the singlet excited
state is decaying to the tripletstate. Attheseconcentrationsof
theseparated bipyridinium salt, no effect onthe **Zn-TPPS*"
lifetime is observed nor are photoproductsdetected. Upon
increase ofthe concentration ofthe viologen relays shortening
ofthe triplet lifetime is observed and the intermediate photo-
products CV* and BV* are detected. Thus, in the presence
ofß-CD difrastoital electron transfer quenchingof the tripla
*-Zn-TPPS*-by ß-CD associated CgV** or BV** ocean
(15). The quenchingrate constantsand the chargeseparation
yields are summarized in Table I.

**Zn-TPPS*- + V** . ß-CD -^- Zn-TPPS*-
+ V* - ß-CD (15)

The separated photoproductsrecombine via back electron
transfer reactions(16). The recombination rate constants are
also summarized in Table I.

TaMeL Physical Characteristicsof tte PhotocaenticsiJReducw*
-* and BV** withZnTPPS*" in the Presence of ß-CO-

<*>*," sec") sec")

C.V** gxt"*
t7xtO~* 1.4 x 10 ilx tO"-

3.5*10'
3.8x10'

" Quantum yieW for continuousillumination : fZaTPPS*"! *" j*"",
10"*mol L"'; [CtV**] or [BV**J - 5 H}"*awrf L" *

KNHi^EDTAJ 0.1 mol L"'. PJmmoii flux 2* W" ***"

teisJ.~'jinn"'. * Quantum ykid for the separation of the **^

structure ofdectroa nansfer products ia the laserecperi**-
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PHOTOSENSITIZEDREDUCTION OF VIOLOGENS
The recombinationrate constants of the active photopro-ducts are usually close to a diffusion controlled value. Therecombination rate of the photoproduct. Zn-TPPS*~ andqV~ or BV~. are ca. 10-fold retarded as compared to adiffusion controlled process. This stabilization of the photo-products against back electron transfer is attributed to theassociation of the reduced phoioproducts CgV^" of BV*to the ß-CD cavity. The receptor-relaycomplex formationprotects the reduced acceptor from back reactionand conse-quently the intermediate photoproductsare stabilized.

Zn-TPPS*- + V-
... ß-CD A- Zn-TPPS*-

+ V** ... ß-CD (16)
We thus conclude that ß-CD participates by threecompte-mentary functions in the photosensitized reduction ofC|V'*and BV-* by Zn-TPPS*~ OR?. 5) : i) The ß-CD molecularreceptor separates the ground state sensitizer-acceptorcom-plex. /i) As a result, photoinduced electron transferfollowedby chargeseparation ofthe phocoproductsis affected. Theseparated photoproducts are then stabilized against backelectron transfer reactions by means of the ß-CD receptor.

RgnreS.Scheme of (a) separation of the complex[Zn-TPPS*"._ V**] by cydodextrin. (6) Electron transferprocess and*e capture of V* in the eyefodexttm.

photoproductsare separated, oxidation ofthe sacrificialdonor. (NH)jDTA. allows the accumulationofof BV^". ) The third function of ß-CD is the

preservationofthe reduced photoproductsin their monme-rie forms, a thermodynamically unfavouredstate for thesephotoproducts in aqueousmedia. All ofthese ß-CDfunctionsare a result of the selective associationof CjV'* and BV-*and their reduced products to the hydrophobic cavity ofß-CD.
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Characterizationof Pd-ß-Cyclodextrin Colloids as Catalystsin
the PhotosensitizedReduction of Bicarbonate to Formate***
Itamar WiHner* and Darnel Mandler

rAe Z>eparrmenr o/Organic CAemmry. 7*A /redrew t/wröemry
9/904, /jnu/. /te/.4/W7 7,

Abstract: Photosensitized reduction of bicarbonate, HCOj", to formate, HCCV, proceeds in an aqueous system composed
ofdeazariboflayin, dRFl (1>, as photosensittzer,i\TJV^fathyl-4,4'-bipyridUBiim, MV*\ as primaryelectron acceptor,sodium
oxalate as sacrificial electron donor,and in the presence ofa Pdcolloid stabilized by 0-cycIodextrin, Pd--CD. The process
proceeds witha quantum efficiency.= 1.1. Kinetic characterization ofthe Pd-#-CD catalyst activityreveals the presence
ofactivesites for bicarbonate activation and reduction as weil as catalyticsites for Hjevolution. The HCCVactivation sites
are specificallyinhibited by thiols. Thecatalyticreduction of HCOj"to HCOi"and the respectiveinlabittonprocesses exhibit
enzyme-likekinetic properties. ThePd--CDcolknd shows reversible activities and effects theredact of MV**by female.
Kinetic characterization ofthe catalyzed reduction of HCOj"to HCOfand the reverseoxidation ofHCOj-provides a sequential
mechanism for the reactions.

Photoreduction ofCOj, its hydrated form, carbonic acid, or

its dissociated ions, bicarbonateand carbonate (eq 1 ), usingvisible

CO* + H*O H2CO3 H+ +HCOj-*- 2H* + (1)
solar light is a challenging subject as a means of mimicking
photosynthesis and of solar energy conversionandstorage.^* The
standard redox potentials^-* for the rdactionof carbon dioxide
(at pH = 7) to Ci-carbonfuel products are givenin eq 2-7 and

2H* + 2e~CO + H2O P-0i2V (2)
+ 2H+ + 2e" HCOjH -0.42 V (3)

COj + 4H+ + 4e" HCHO+ HjO " -0.48 V (4)
CO2 + 6H+ + 6e" CH3OH +HjO -0.38 V (5)

CO2 + 8H+ + 8e" CH+ 2HP * -0.24 V (6)
2H+ + 2- -0.41 V (7)

compared to that of Hj evolution. It is evident that reductionof
CO2 in aqueous solutionsto several C, products is thennody-
namicaily favored over Hievolution. Nevertheless,reductionof
CO2is encountered withsevere kinetic difficulties, and extensive
efforts are directed towardthe activationof CO* bicarbonate,
and carbonate by transition-metal complexes'-*or heterogeneous
metal surfaces.'-"

Reductionofcarbondioxidecould basically be accomplished
through various pathways. These include hydrognation,"in
sertion into transition-mtal hydride complexes," carbanion nu-

cleophilic attack," or by electron transfer followed by protona-
tion.'* The methanationprocessexemplifiesanextensively ex-

plored hydrognationofCOjto methane,a process that usually
proceeds at elevated temperatures andhigh pressures." Insertion
ofCOj into various transition-metal hydrides to formthe formate
Iigandwas observed." Electrocatalyzcdreduction of CO2was
observed in the presence ofvarious transition-metalcomplexes,
Le^ Ni**"- or Co**-cydams,"metal porphyrins or phthalo-

^Dedicated to the memoryof ProfessorDavid Ginsbttrg.

0002-7863/89/1511-133OS01.50/0

cyanins,"and iron-sulfur clusters," or by usingRu orCu metal
catalysts as electrodes.* Hydrognation of bicarbonate using

(1) Manlier. D4 WUtner, L X Aw. Owm.5:.087, 709. 7884.
(2) Inoue,S. In Orjonfc aW Stoorjojitt Cnur/y j/Car*on öfo<fe;

Inoue,S^ Yamazaid, N., Eds,-Kodansha Ltd.: T<*yo, Wüey: Ne York,
IMi p253.

(3) Zfcsset. R. iVot./. CAim. 1983, 7.613.
(4) Akennark. B. la &>&& Ewergy flhoioatewicgf Coaoenton aw/

5(onigc: daesson, S, Engstrom,I_Ed4 Nitkjoal Swedish Boardfor Energy
Source Deveiopment Stockholou Swedea 1977.

(5) Latimcr, W. M. 7%e Oriaticw 5tata c/"iA* f/onmrj ami lA*ir
Poieitaom /Jueoai5o/ulio, 2nd eil; Prentice Halk New York, 1952.

(6) Bard, A. J, Bd. fw^dc^ei^ o/iecw>cÄomjnye/t&efte/nenw;
Dekker, New York, 1976.

(7) (a) Darensbourg, D. J4 Kudaroski. R. A. y4rfi7. Qrymomgf. CSem.
1983,22,129. (b) Palmer. D.A^EMvik, R. V. C*m.Ä. 1983. i, 651.
(c) Eisenberg, R4Hendriksea. O. E. ^4tfr. Guai 1979,2. 119.

(8) (a) VoipuM. E; Kotonnikov, LS-Aw<4>/. Owm. 1973.ii, 567.
(b) Inoue,S. üeo. /nar;. CieiR. 1984. tf. 291. (c) Ibera, J. A. CAon. oc
Äer. 1982. //. 57.

(9) (a) SolyroMi,F4Erdobelyt,A^Lancz. M. XOarrf. 1985,05,567. (b)
Satymoo. F4 Erdohdyi, A. /. J/o/. Gao/. 198. A 471.

(10) Kfier, K. /üfc. Una/. 1982. i/. 243.
(II) Denise. B4 Sneeden, R. P. A. CZTEMTECZT1982. 08.
(12) Sneeden, R. P. A. Oampr. Or^nmm. dent. 1982. S. 225.

(13) Harold. E. F. in raf 2. pp 5-78.
(14) (a) RusseU P. G.:KavacN.;Sriniva$an.S4Steinberg, M.y.Zce-

(roeton. Soc. 1977. /2< 1329. (b) Amatore. C; Sawaat.J.-M /. 4m.
CAem. Ac 1981. 705, 5021.

(15) Solymasi, F4 Erdohdyi. A4 Kocsis. M. /. Cacti. Soc. Faraday
Tram. 7 1981.77.1003.

(16) Inoue,Y4 Iznaida,H4Sasaki, Y4Haatmamo,H. CÄente.M7.
863.

(17) (a) Rshcr. B4 Bsenberg. R.J. ^jb. C&9B.&K. 1980. 702,7361. (b)
Betey, M.; ColUn. J.-P.; Ruppert, R4 Sauvage. X P. /. Oon.^oe,Cfasn.
Cbmmt.1984,1315. (c) Beky, M4 Coffin, J.-P4 Rnppert.R4 Sauvage, J.-P.
/. -4m. C&em.Sac. 198, 70S. 7461. (d) Petit, J.-P4 Charner, P. Mh./.
Otow. 1987. 77,751.

(18) (a) Hnatsuka.K4Takhashi,K4Sasaki. ItTashtma.S Cton. i*rr.
1977.1137; Ibid. 1979, 305. (b) Kapusia. S4 Hacfcerman,N. X 7arocAem.
äjc 1984, 1511. (c) Über, C. M4 Lewis. N. S. J. ^tm. CAn. 5oc. 1984.
70. 5033.

(19) Tezoka. M; Yajna. T4 TjncJya, A. /. An. Gton.Soc 1982,7(W,
6S34.

(20) (a) Free. K. W, Jr4 Uach. S. /. /mroc*. &> 1985.259. (b)
Sun,D. P4 Frese. K. W, Jr. laagmiar 1988, 4, 51.

5 1989 American ChemicalSociety



/ ffCOj- wiA M-jS- Gi/a/y..r . CAem. Soc., fo/. ///. jVo. 4. 1331

supported Pd catalysts has been the subject of several ;
Wrightonet al. have examined the hydrognation^ and electro-reduction-** of bicarbonate in the presence of supported Pd cat-
alysts. In these processes effective formateproduction was ac-
complished at roomtemperature ami close to the thermodynamic
potential. Photoreduction of CO} has been reported in photo-
chemical assemblies,**-** in the presence of semiconductor pow-ders^ or electrodes,**and in photosystems that include the enzyme
formate dehydrogenase as biocatalyst.*' In general, the reportedphotosystems of CO2 reductionproceed with poor or unspecified
quantum efficiencies. PhotoreductionofCO? to carbon monoxide
has been accomplishedin aqueousmedia by using Co(II), Co-
(H)-bipyridinecomplexes, or Re(I)(bpy)(CO)jXas homogeneouscatalysts.**-*' Photoreductionof CO2 to formate has been reported
in assemblies that included Ru(bpy)3**" as pbotosensitizer and
Ru(bpy)L2** as catalyst.*"' Recently, we have shown that
heterogeneous Pd colloid stabilized by /3-cyclodextrin, #-CD,
catalyzesthe photoreduction of bicarbonate to formate.* Pho-
tosensitized reductionof CO; to methane has beenaccomplished
in microheterogeneous systems thatinclude Ru orOs as hetero-
geneous catalysts.** Photodectrochemicalreduction of carbon
dioxide to mixtures ofQ products has been reported with sem-
iconduetorelectrodes,**Le, GaPor GaAs,or powdersuspension*'
such as SrTOj. Nevertheless,these processesare inefficient. In
the photosystems forCOj reductionthat include heterogeneous
metal colloidsor homogeneouscatalysts that operatethroughmetalhydride species, Hj evolution accompanies the CO; reduction
processin aqueousmedia and the H2 formation predominates in
its effectiveness.

Here we reporton the characterization of the catalytic activityof Pd--cydodextrin colloids, Pd-jS-CD, in the reduction ofCOj/HCÖV using MiV-dimethyl-4,4'-bipyTidinium radical,MV*+, as electron carrier. Thereduced relay is generatedthrough
a photochemical systemthatincludes deazariboflavin, dRFl (1),
as photosensitizcr, /\T,iV'-<lmiethy1-4,4M>ipyridinittm, MV**,as
electron acceptor,and oxalate as sacrificial electron donor.

CHOH

(HOH),
I

V
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Experimental Section
Absorption spectra were recorded with an Uvikon-860(Kontroo)

spectrophotometer equipped with 2 thermostated ceU holder that includes
a magnetic stirring motorat the bottom of the unit. NMR.spectra were
recorded on a 200-MHz instrument (Brucker). A Philips 300 M
transmissiondectronmicroscope was used to determine the size of colloid
particles. X-ray diffraction analyses were performed on a Philips powderdiffractometer. Continuousilluminationexperiments were performedwith a 1000-Whalogen-quartz lamp, and light was filtered through a
400-nm filter. Incident photon flux was determined by Reineckesalt
actinometry" to be 1 x IO""* einstein-M~'-aun~'. Laser flash experiments
were carried out with a dye laser (DL-I2 Molectron) pumped by a
nitrogen laser (UV-14 Molectron).

Palladiumcontent in the variouscolloids was determinedby atomic
absorption (Perkin-Elmer 403 apparatus). Formate was analyzed by ion
chromatographyusing a Wescan anion-exchision column, 2 x ICr^ N
HjSO was eluent, and detection was performed with a conductivitydetector (Knauer). Hydrogen was analyzed by gas chromatography(Hewlett-Packard 5890 Instrument) with a 5-. molecular sieve column
and argonas carrier gas. The production of MV~* was followed spec-
troscopicallyat 602 nm (< = 1.3 X 10* Nf-cnf')."

Chemicals were obtained from Aldricn. Deazariboflavin (1) was
prepared according to the literature.-'* DCOjNa was prepared by hy-drolysis ofNaCN in DjO. and the product was recrystallized from eth-
anol-water." A solution ofsodium hydrogen ["CJcarbonate was pre-pared by bubbling '^CO, through a 0.1 M NaOH solution until pH7.0.
The active P<H3-CD colloid forCOj/HCO' photoreduction is pre-pared by heating while stirring, a 1.5 x ICT^ M NajPdCl, solution that

includes0-cyclodextrin(1% w/w)at 60 "C for 2'/j h. The color of the
solution changes from yellow to dark brown. The resultingcolloid is
deionized with small amountsofAmberliteMB-1 to exclude remains of
PdCL.*~ (purification of the colloid frost PdCU*~ is followed spectro-
scopically). The resultingcolloid is centrifuged (3500 rpm for 10 min)
toexclude any precipitated palladium. It should be noted thata decrease
in the Pd-0-CD catalyst activity has been observed upon aging. Also,in a series of 10 different batches ofthe Pd-jS-CDcolloid we observe up
toa 5-fold differencebetween the most activeand feast active colloids.
TheinactivePd-#-CD catalystis prepared bya similar procedure, but
the temperature othe reactionmixture is maintained at 96* *O. T&c Pd
colloid stabilized byD-glucose was prepared bya method similar to that
for Pd-^-CD except that the D-glucose content in the aqueoossolution0.67% (w/w). Pd colloid stabilized by poJyvinyipyrrolidinoneis pre-pared by eitherH; bubbling or NaBH,additionman aqueous 1_5 X 10~'
M Na^PdCl. solution that contains polyvinylpyrrolidone(1% w/w).

Samples of Pd-^-CD for electron microscopy were prepared by the
following procedure: A copper coUotdon-coated grid was placed on a
small cork and the cork mountedin a centrifugetest tube. The tube was
filled with a 1:1 mixture ofPd-0-CDcolloid and I% gelatin solution and
vertically centrifuged (8000 rpm for 20 min). The solution was decanted
and the grid was washed with triply distilled water and dried. Samplesfor X-raydiffraction wen prepared by a similarmethod; A glass plate
was nwunted on the cork support,and Pd was depositedon the glass plateby centrifugatkra.The glass plate with deposited Pd was analyzed after
drying.

The systems for continuousilluminationexperiments consistedofa 0.1
MNaHCOj aqueous solution that included sodium oxalate (5 X 10"* NC)
as electros donor, deazariboflavin(3 X 10"* M) as pbotosensitizer, iV.-
iv"-dtmethyI-4.4'-btpyri<Hnium.(methyl viotegen. MV**; 1 x 10" M) as
electron acceptor, and Pd-T*-CD(40 mg-L"") as catalyst. The solution
(3 mL) was placed in a glasscuvette,equipped with a microstirrerand
serum stopper. Thesolution in the cuvette was flushedwith oxygen-free
carbon dioxide and illuminated,X > 400 am (resulting pH = 6.8-7.0).
Aliquots were taken out at time intervals ofilluminationand analyzedforHCOj. The gaseous atmospherewas analyzed for H2. The kinetics
studiesof HCOj"pnotogeneratkra as a functionofHCOj" concentration
wereperformedin an aqueous system, 3 mL, that consistedof phosphatebuffer (7 X 10^ M). sodium oxalate (5.5 x 10"' M), deazariboflavin(3
X 10-* M). MV** (1 X tor* M), and Pd-0-CD (40 mg-L"*). The system
was flushed with argon, and varying amounts ofaaaqueous4.3 x 10"'
M NaHCOj stock solution were injected into the system, which was
equilibrated for 10 min before illumination. The kinetics ofMY** re-
duction by HCOj"were followed in the following way: 2.9 mL ofan
aqueous phase that included MV*" (1 x 10"' M) and Pd-0-CD (45

(32) Wegaer.E Eu Adamson. A. W./. /On. CS.Soc. 19, ^. 394.
(33) Thometey,R. N. F. ^>c*n. Ao^Avr. /toa 1974. JiJ, 4S7.
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Figure 1. Transmission electronmicrographof active Pd-0-CD colloid.

mg-L"') was deaerated with argon and thermostated to the desired tern-
perature. To the resultingsolution, mounted in the spectrophotometer,
0.1 mL of sodium formate stock solution was injected (final concentration
1 x 10"' M). The MV* formation was followed at X = 602 nm. In
order to avoid varying activities of the Pd-/3-CD in DjO as a result of
the preparation procedures, this colloid was not prepared by direct re-
duction of PdCU*" in D,0 but through an alternative route: The Pd-/3-
CD colloid in HjO was lyophilized to dryness,and the resulting Pd-^-CD
powderwas resuspended in DjO by vortex stirring. Control experiments
revealed that the activity of Pd-/3-CD colloid was unaffected by the
lyophilization/resuspensionprocesses.
Propertiesof Pd Colloids as Catalystsfor HCOj"
Photoreduction
We find that Pd colloids can be stabilized by cyclodextrins

similarly to other metals, i.e.., Rh or Pt. We also prepared Pd
colloids stabilized by other stabilizing supports such as glucose
and polyvinylpyrroiidone. In the presentstudy we mainly char-
actcrize the catalytic activities of Pdcolloids stabilized by /3-cy-
clodextrins, Pd-/3-CD, in the reductionof HCO3" to formate and
in the reverse process. Some of the catalytic properties of the Pd
colloids stabilized by the other supports are also provided. We
find that the procedure whereby the Pd-/3-CD colloid is prepared,
dramaticallyaffects its catalytic activity. Preparationof the Pd
colloid at 60 C results in an active catalyst for bicarbonate
reductionto formate. In the absence of bicarbonatethis catalyst
is active in H^ evolution. This catalyst is also catalytically active
in the reverse process that oxidizes formate to bicarbonate. In
turn, Pd-/9-CD colloid prepared at 90 C is inactive toward HCO3"
reductionor the reverse oxidationof formate, but is catalytically
active in Hjevolution. The Pd-|ö-CD colloidis stable for prolonged
periods of time, namely, for at least a month. Hydrogeneffects
aggregation of the colloid, presumablydue to intcrparticle Hj
adsorption. These colloids can be dried through lyophilization.
The resulting brown powders can be resuspended in aqueous
solution. The regenerated colloids exhibit similar catalytic ac-
tivities as compared to the original Pd-/3-CD colloids. This
property of the Pd-/3-CD colloid allows the long-term storage of
the catalyst. In the presentstudy we prepared Pd-j8-CD colloids
in DjO (vide infra) by resuspensionof the Pd-0-CDpowderin
D2O.
Theelectron micrograph of the active Pd-/3-CD colloid is shown

in Figure 1. The metal particles exhibit a broad size distribution
in the range of 200-1200 . The X-ray diffraction patterns of
either the active or inactive Pd-/3-CD colloids show diffraction
bands at angles 29 = 40.0, 46.5, and 67.9. These diffraction
angles are characteristic ofcrystalline Pd metal in cubic crystal
structure.

Similarly, Pd colloids that are active toward the reductionof
HCO3"and oxidationof formate were prepared by using a-cy-
clodextrin, glucose, or polyvinylpyrrolidone as stabilizingsupports.
With the polyvinylpyrrolidone support, NaBH4or hydrogen were

used as reducing agents of PdCl^. Only the Pd colloids stabilized

dRFI

dRFl

nv-

nv

CO /HCO
2 3

'HCOj

Pd-ß-CO
Figure Z. Schematic cycle for the photosensitized reduction of HCO]"
to formate.

by cyclodextrins could be lyophilized to powdered catalvsts that
can be resuspended into aqueous stable colloids.

Photoreduction of COj/HCOj" to Formate
We have examined the catalyzed reduction of CO2/HCO3"using the Pd-/3-CDcolloid and photogenerated /V,iV'-dimethyl-

4,4'-bipyridinium radical cation, MV'*, as electron carrier for the
process. Thephotosystemfor the generation of MV'* is composed
of deazariboflavin, dRFt (1), as photosensitizcr, ;V,iV'-di-
methyl-4,4'-bipyridinium,methyl viologen, MV**, as electron
acceptor, and oxalate as sacrificial electron donor (Figure2). The
reduction of MV** in this specific system has been examined
previouslyby Krasna^* and proceeds with a quantum efficiency
of < = 3.6. The high quantum yield obtained with 1 as photo-
sensitizer is due to complex redox properties of reduced flavin
dyes-" and to several reduction equivalents formed upon oxidativc
decompositionof the sacrificial electron donor. It should be noted
that this unusual photosystem is selected for the productionof
MV'* for two reasons: (i) Common sacrificialelectron donors
act as inhibitorsfor the catalyst (vide infra) and eliminatekinetic
characterization, (ii) To characterizethe kinetic activity of the
Pd--CDcolloid, the overall rate of COj/HCOfreductionshould
not be controlled by the rate of generationof the primary electron
carrier,MV'*. The effectiveness ofMV'* photogeneration with
this photosystem provides a means that meets this requirement.

Illumination of an aqueous bicarbonatesolution,pH = 6.8, that
includes dRFl as sensitizer,MV** as primary charge relay, and
oxalate as electron donor results in the formation of methyl
viologen radical MV'*. In the presence of either of the two

Pd--CD colloids, the reduced methyl viologen mediates different
reduction processes: In the prescence of the Pd-/S-CD colloid
prepared at 60 C reductionof CO2/HCO3"to formate occurs

(Figure 3),and only trace amounts of Hj are generated. In turn,
in the presence of the Pd-j3-CD colloid prepared at 90 C only

(36) Krasna, A. I. />AowcAm. /AotoAio/.1980, i/, 75.
(37) A chain mechanism outlined in the fallowingset of reactions pre-

sumably leads to the high quantum efficiency of MV* (D dRFl), Cf.:
Bliese, M.; Launikonis, A.; Loder, J. W.; Mau, A. W.-H.; Sae,W. H. F.
^ujt. 7. CAem. 1983, id, 1873.
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Figure 3. Ratesof HCOj"and Hiformation at the intervals of illumi-
nation using the active Pd-ß-CD catalyst.
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Figure 4. ''C NMRspectra of samples taken at time intervals of iltu-
mination of the photochemicalassembly using H**CO~as substrate.

photoinduced H2 evolution proceeds and ao formate could be
detected. Figure 3 shows the rates offormate generationand H^
evolution asa function of illumination timeusingtheactive HCOj"
reduction Ami The quantum yield for formate formation
corresponds to<= 1.1. It should be noted thatilluminationof
the system im the absence ofCOj/HCCV*and in the presence of
the active Pd-0-CD bicarbonate reduction colloid results in ef-
fecüveHj evolution,^ = 0.12, and no formate is detected. These
results clearly indicatethat the Pd--CD colloid prepared at 60
"Cacts as a hydrogencatalyst as well as aCO/HCO3"reduction
catalyst. Nevertheless,the latterprocess is favored in the presence
of the substrateCOj/HCOj".
Thelack of formateformation in the absence ofthe substrate

indicates that HCOj" originates from COj/HCQj"rather than
from an oxidative decomposition route of the oxalate electron
donor. This has beenfirmly confirmed byusing ['*C]bicarbonate
as substratein the photochemical system. Figure4shows the"C
NMRspectra of the systemat time intervals ofillumination. It
is evident that H'*C(V, 3 171.2 ppm,is gradaaByformedas
illuminationproceeds.
Pd-^-CD CatalyzedReductionof Bicarbonate

Kinetics ofBicarbonate Reduction.The Pd-catalyzedreduction
of bicarbonate by hydrogento form formate has been reported
to proceed through hydrognationof HCO3"by Pd-bound by-

0 004 Q8
[ Sicoroonaic ] ( M |

O 40 80 120
Cl/ Bcoroonote] 1M"'>

Figure 5. (A) Initial rates of HCCXf-photoinducedformation as a
functionof substrate (HCO,") concentration. (B) Graphic representation
of the reciprocals of the initial rates as a function of the reciprocalserf'
the substrateconcentration (l/HCO,"). In all experiments [dRFI] 3
X 10-* M, [MV*-] = 1 X 10"* M. [(COiNa)J 5.5 x 10~* M, and
Pd-0-CD i

drides. These are formedupon dissociation of Hj on the metal
catalyst. Similarly, the photosensitized Hj-evolution process using
iY^V'-dimethyl-4,4'-bipyrkiininm, MV*+, as charge relay and
various metal colloids as catalysts has been extensively studied.**
It has beenshown that metal-bound hydrogen atoms (or hydrides)
are formed through a sequential mechanism that involves the
charging of the metal colloid by the photorednced relay MV**,
followedbyprotonationof the charged metal (eq 8,9). These

ZMV + M + (S)

Hj + M

observations allowus tosuggest mesequence ofreactions outlined
ineq 10-13 asthe mechanisticsteps involved in the photoreduction

ZMV + 2H + P* 5* 2MV + PdH
H H

I I
Pd H + HCOi" ^=*

HjOPd

CTOJ

tit)

CT2>

CI3)

ofHCO3-toformate. In tie primary step, photogencratedMV**
generatesPd-boundhydrides (eq 10). The Pd catalyst also ac-

tivates HCO3"through the formation of an activatedcomplex
structure, wherein hydrognation of bicarbonateto formate occurs

by discharge of the Pd hydrides.
We have examined the rates of photoinduced formate pro-

ductionas a function of thebicarbonatesubstrate concentration,
and at a constant Pdcontent of 45 rag-L"*. Figure 5A shows the
initiai rates of HCOV"generationat different bicarbonate con-
centrations undercontinuousDlumination. It is evident that the
rate increases as the substrate concentrationis increasedand the
rate levels off at an approximate substrateconcentration of
[HCO3-] 0.1 M. Such behavior could originate ifspecific sites
for bicarbonateactivation andreductionare present onthe Pd-
0-CDcatalyst. Namely, the leveling off in the rates ofHCOj"
formation originates fromsaturationof these active sites by the
HCOj". In the sequence ofreactionsthatleadsto formate, the
photogenerationofMV*proceeds with a quantum yield of # =
3.6. The fact thatthe quantum yield of formate generation (<

1.1) is lower than thatof MV** production suggeststhat the
rate offormate production is limited by a darkcatalytic process
rather than by the photochemical reaction. Indeed, under
steady-state illumination MV** is accumulated in the system. It
is also well documented"that the interaction ofa reduced relay

(38) (a) Grtzel, M, Ed. energr Jtaw*t&nwg* P&acoefemtsQyDirf
Coia/yiir, Academic Press: New York. 1983;and refcieuce therein, (b)
Harrtman. A^ West, M.A^ Etfa. Motofenenirion o/Ä><froyenarwi: /tea-
S Press: London. 1983.
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with the metai catalyst to form metai-bound hydridesis a rapid
process. Thus, it is conceivablethat the formationof the activated
complex (eq 11) and subsequent reductionof bicarbonate(eq 12)
are rate limiting in HCCVphotogeneration. This analysis suggests
that the activity of Pd-?3-CD colloid in the photosensitized re-
auction of bicarbonate is analogous to the active site-substrate
model in enzyme activities. Hence the kinetic activity of the
Pd->?-CDcolloid should follow well-established enzyme kinetics
relationship.'"'

Consequently, the relation of the initial rates of formate gen-
eration as a function of bicarbonate concentrationis given by eq
14. Indeed, analysis of the saturationcurve (eq 15) through

(14)
a: + [Hcon

[HCCV
(15)

plotting 1/üo vs 1/[HCCV] resultsin a linear relationship (Figure
5B). The derived values of and K^are ^, = (1.5 0.6)
X 10"* M andK (1.5 0.3) X ICT* M/min.
A second aspect that has been considered in the activitiesof

the Pd-0-CD colloids relates to kinetic isotopes effects involved
in COj/HCCVphotoreductionandHrcvolution processes, using
the variouscolloids. TherateofCOj/DCCVphotoreductionin
DjO is not affected as compared to that in H^O. In torn, a

significant isotope effect is observed in the hydrogen-evolution
process, .Kh/^o =* 3. The observation of an isotope effect in the
Hr-evolution process using the Pd catalyst is consistent with
previous studies that explored the photosensitizedHj evolution
through interaction ofgenerated radicals with Pt and Au colloids.*'
Thesestudies revealed that charging the metal by the reduced
relay and formation of surface-bound hydrogenatomsare rapid
reactions, whilethe dischargeof hydrogen atoms through cleavage
of metalhydrogen bondsis rate limiting in Hj evolution. Thus,
our results imply thatthe rate-limiting step in Hjevolution in the
presenceofthe Pd-^-CDcatalyst involves the cleavageof a Pd-H
bond (eq 16), but the rateof HCCVformation is not controlled
by cleavage of these bonds.

H

- Hj Pd (16)

Inhibition Effects in the Redaction of Bicarbonate. Thecata-
lyticaflyactive Pd-#-CDcolloid for bicarbonatereductionexhibits
high sensitivity toward various additives. We find that aldehydes,
amines, and particularlythiols act as inhibitors for the catalyst
toward bicarbonateredaction. Wehavestudied in detailthe effect
ofadded mercaptoethanol,HOCHjCHiSH,onthe kinetics of the
photosensitizedformateformation. Figure 6A shows the rate of
formate formation at different mercaptoethanol concentrations.
It is evident that as the concentration of the thiol is increased,
the rate offormateformation declines, and at aninhibitor con-
centration of [HOCH2CH2SH] 2 X 10~* M, the photoinduced
formation ofHCCVis completely blocked. Simultaneous to the
inhibition in formate generationwith added mercaptoethanol,H2
evolutionfrom the systemoccurs. Figure 6C shows the rate of
Hj evolution upon illumination of the systemat different thiol
concentrations. We realize that the rateof photosensitizedHj
evolutionincreasesas the concentration of mercaptoethanol is
increased. At a thiol concentration of[HOCHjCHjSH] 2 X
10~* M, where formate formation is entirely blocked, the rate of
Hi evolution is similar to that observed from the system in the
absence of the bicarbonate. Thus,in the presence of mercapto-
ethanol, formate generation is inhibitedand the catalyst activity

(39) (a) Mead. D4 Mulac.M.; Matheson,D. /. /ftyx. Own. 1981.S5,
179. (b) Mosel. D.X ,4m. Cfton. Soe. 1979, 107. 6133. (c) Beugtem. A.
Agw. Oten. 1979. 97.449. (d> HeagleJn. A4UBe. J. /. Aw. Otem.Sac
1981. 70* 1059.

(40) Segel. I. H-, EA; fozyme JGneficr. WUey: New York, 197S.
(41 ) Kopple. IC; Meyerstein. O4 MeoeU D.7. />*>. Own.198,. 87a

and references tiiercm.
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Figure 6. (A) Rites of photoinduced HC<V formation of different
concentrations of the inhibitor mercaptoethanoL (B) Graphic repre-
sentation of the reciprocals of rates as a function of inhibitor concen-
tration. (C) Relative rates of Hievolution at differentconcentrations
of mercaptoethanoL In all experiments [dRR] = 3 X IfT* M. [MV2+J

1 X NT M, KCO2Na)J- 5.5 x 10"^ M. (HCOj"] = 0.1 M. and
W-0-CD - 40 mg-L"*.

toward Hj evolution (present in the absence of CO1/HCO3") is
restored. Our results reveal that the active Pd-0-CDcatalyst
toward HCCV reduction includes twocharacteristictypes ofactive
sites. One class of sites is catalytically active in the generation
of surface-bound H-atoms, sites that subsequentlyeffect Hi ev-

olution. The second type of sites is responsible for bicarbonate
activation. In the absenceof inhibitor,hydrognation of activated
HCCVbysurface-bound hydrides proceeds,ratherthan Hj ev-

olution.since the formerprocess is faster. Addedmercaptoethanol
bkicks selectively the bicarbonate activation sites,andconsequently,
only the ratherslow Hj evolution process occurs.
The inhibition phenomenonobserved in the presence of added

thiolsuggests that the activation ofbicarbonateon iu active sites
(eq 11) is competitively inhibited bybinding of mercaptoethanol
to the same sites (eq 17). Therefore, the kinetics of the bi-

Pdh -- rsh 5=t PdH(flSH> C17

carbonate redaction process with added mercaptoethanol should
follow the rate equationsforcompetitive inhibition of an active
site-substrate activated complex. Undersuch conditions, the
relation between the initial rate offormate formationas a function
of the inhibitor concentrationshould be given by eq IS, where
Xi is the dissociation constant of the inhibitor-catalyst complex.

1
[HCOf
[H-Pd-Hl[HOCHiCHjSH]

*

[H-Pd-H(HOCHCHiSH)]

)

(19)

Figure 6B shows that a linear correlation is obtained upon
plotting 1/po (where o is the initial rate ofHCCVformation)
as a function of mercaptoethanol concentration(eq 19) at a
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Figur 7. Rate profiles for the dark reduction of MV**by HCOj" at
different temperatures followed spectroscopically X = 602 ran (a) 37
"C, (b) 30 "C. (c) 20 "C. (d) 10 C In all experiments {MV**] - 1
x 10-' M, [HCOj-] - 0.1 M, P4-0-CD = 45 mg-L*'.
constant concentration of HCOj~. This implies that the bi-
carbonate activation sites are indeed blocked by the thiolthrough
a competitiveinhibition mechanism. From this plot the valueAT]

(2.9 =fc 1.5) x I0-* NT' is derived.
Pd-/S-CD CatalyzedOxidation of Fermate

Kinetics of Formate Oxidation. Similar to enzymesthat often
exhibit reversible activities, the Pd-0-CDcolloids show similar
reversible properties. ThePd-#-CD colloid that is active in the
photorcduction of HCOj" to formate shows reversible activity,
and formate reduces MV** to MV*in the presence ofthe catalyst
(eq 20). In turn, the inactive Pd-0-CDcatalyst (preparedat90
HCOT + 2MV*- + HjO HCOj- + 2MV*+ 2H+ (20)
C) does not exhibit catalytic activity toward this process. Rgure
7 showsthe rateofMV*+reductionto MV*+ by formate in the
presence of the active Pd-/3-CD colloid at varioustemperatures.
It can be seen that the formation of MV*+ is triggeredafter an
inductionperiod. Thereafter, MV** accumulates and levels off
to establish a steady-stateconcentration. Asthe temperature of
the systemincreases, the inductionperiod for MV*+ formation
is shortened, the accumulation ofMV**is enhanced,and a similar
steady-state concentration of MV** is formed at the different
temperatures. It should be noted that at the time scales of these
experimentsonlytraceamounts of Hj are formed. The reduction
ofMV** by formate is expected to proceed through the reverse
reactions (eq 2123) thatwerepreviouslydetailed for bicarbonate

+ HjO *=* PdCHjOXHCOO

Pd H + 2MV* 2MV + M + 2H

(21)

(22)

<23)

reductionto formate, i.e., activation of formate followedbyits
oxidation to HCOj"and Pd hydride formation,and subsequent
reduction of MV*+ by the Pd hydride. Since the evolutionof
hydrogen (eq 16) is slow, this process can be disregarded and
MV*+ is formedthrough the sequential processes, eq 21-23. The
inductiontimerequired for the generationofMV*+ isattributed
to the buildup of Pd hydrides that is the rate-limiting process.
Oncethe thresholdconcentration of hydrides is formed, the re-

duetion ofMV*+ is triggered. Subsequently, the rate of MV*+
accumulation (slope) corresponds to the rate of Pd hydrides
formation in the system, which is the rate-limiting process. It is
also evident from Figure 7 thatas the temperature is increased,
the inductionperiod is shortened and the rate of MV*+formation
(slope) is enhanced, implying thatthe formation of Pd hydrides

3. sa

7''10* CK-")
Figure 8. Arrhetmis plot for the dark reduction of MY** by HCOj".

Figure 9. Ran profiles for the dark reduction of MV**by formate is
waten (a>byHCOTia HjO;(b) by HCO."in DjO: <c) by DCO,"m
HiO;(d)byDCOi-iBDjO. In afl experiments [MY**] 1 x lOr &fc
ffonnatej 0.1 M; 28 *C

is increasedas the temperature rises. From these carves the
observed rate constants, fc^, were calculatedat various tern-
peratures. The Arrhenius plot (Figure 8) of the observed rate
constants for the reduction ofMV**"by formalegivesanactivation
barrier of, = 13 kcakooT* for the process. Since the ther-
modynamic balance for the process outlined in eq 20 is dose to
AX7 0 kxal*moT*,we deducethatthe activation barrier for the
reductionof bicarbonate to HCOf exhibits a similar -value.

Redaction ofMV**" by formate is also inhibited by added
mercaptoethanol,HOCH2CH2SH. Astheinhibitorconcentration
increases, the inductionperiod is longer and the rateof MV"*
formation is retarded. These results suggest that formate is
activatedtoward production of Pd hydrides on the similarsites
thatlead to activation of bicarbonate and its hydrognation to
formate. Mercaptoethanol acts as a competitive inhibitor to

HCO" for these active sites.
IsotopeEffects in Formate Oxidation. A second aspect that

has been consideredin the kineticsofMV**"reduction by formate
involved thedeterminationof kineticisotope effects in the reaction.
Figure 9 comparesthe rate of reductionof MV** by HCOi"in
H,0to the ratesof MV*+ reductionbyDCOfinHP, byrKXV
in DjO, and by DCIVin DjO. We realize that using DCO2"
in HjO or D^O results in an isotope effect
(DCOj-^ - 4.8 I.I inHO d fJfcH(HCj/
4.2 0.7 in DjO. Isotope effects are also observed with DjO
instead of H2O: *,j(HO)/*,>(DO) 1.5 03 and *-
(HPVJfc^DjO) 1.3 0.2 in HCOj- andDCOT.respectivdy.
Whenthe composition of DCO^"in DjO is used, the multiple of
the two isotope effects,/& 6.34 1.2 is observed (ifcH/*D

6.4 calculated). Thus, we conclude that the rate-limiting step
in the reduction process of MV*+by formate involves the cleavage
of C-H in formate and H-OH in water. This conclusion is
consistent with other reports" in which the kineticisotope effects
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Figure 10. Schematicsequential mechanism for the Pd-ß-CDcatalyzed
reduction of HCCV to formateand the reverse process.

in the decomposition of formate to hydrogen overa Pd/C catalyst
were examined, wherecleavage of H-bonds in formate and water

participate in the rate-limiting process.
Mechanistic Aspects Involved in the Pbotoreduction ofCO,/

HCCVto Formate. Thepossible participation of the stabilizing
support of the Pdcolloid, -cyclodextriiu in the activation of the
bicarbonate substratetoward reduction to HCCVhas been ex-
amincd. Cyclodextrins are cyclic macromolecular structures of
glucose that form cylindrical cavitiescapable ofassociating various
substrates. Wehaveperformedseveral experiments that exclude
the operativeparticipation of the /S-CD receptor in the activation
of HCO3": (i) Addition of W-octylpyridinHtm bromide to the
photochemical system that leads to the reductionofHCO3"to
formate does not affect the rate of HCCV production. Since
iV-octylpyridinium binds to the -CDcavity, any activation of
HCOj~ through the0-CD cavity shouldbe inhibited, (ii) We find
that various other Pd colloids thatare stabilized by supports that
lack a cavitystructure are also active in the photoreduction of
HCO3" to formate. For example, Pd stabilized by glucose or
polyvinylpyrrolidonc exhibits catalytic activitytoward COj/HCCV
photoreduction to formate. la this context, it is worthwhile to
state thata rapid test of Pd colloid activities coward reduction
of HCO3"to formatecan be performedby examination of the
reverse process, i.e., reductionof MV**~ by formate. We find that
ail colloids that were catalytically active is the reverse process
were also active in the photoreduction of HCOj"to formate.
Wehaveexamined in the presentstudy various aspects related

to the catalytic activity of the Pd-0-CDcolloid towardthe pho-
toredttcnonof bicarbonate to formate and the reverse oxidation
ofHCCV- TdifferestmechanisticdetaSsprovide, when united,
a comprehensive model that accounts for the catalytic propertiesofPd-^-CD in theseprocesses. The Pd-#-CDcatalyst includes
two types of active sites (Figure 10)t One type generates Pd
hydrides, while the other catalytic sites activate bicarbonatetoward
reduction. The primary step in the photoreduction ofHCCVinvolves charging of the metal particles and formation of Pd
hydrides (eq 10). Since the Hj evolution process is slow, hy-drogenationof activatedbicarbonateproceeds effectively(eq 12).
In the presence of the inhibitormercaptoethanol, selective in-

hibition of the bicarbonate activation sites occurs. Consequently,
the slow Hr-evolution process predominates as the only route that
utilizes the Pd-H intermediates. The reverse process where
formate reduces MV-*,involves the similar Pd-H intermediate.
The rate-limitingstep for MV"* production involves the formation
of the Pd-H intermediate, as evidenced by the induction period
observed in the kinetic profile of MV** formation. We revealed
that the rate-limiting step in the reverse reaction involves the
cleavage of C-H and H-OH bonds of formate and water, re-

spectively. These results suggest that formation of the Pd-H
intermediateproceeds through a concerted mechanism that is
displayedin Figure 10. Inhibition ofthe reverse process by thiols
implies that activation of formate toward oxidation occurs on the
similar sites that activate HCCVfor hydrognation.
Conclusions
We have highlightthat a Pd-t3-CD colloidacts as an artificial

heterogeneouscatalyst for CO2/HCO3" reduction to formate that
mimics enzyme activities: (i) It exhibits high specificity and
effectiveness toward CO^/HCCV reduction; (ii) it is competitively
inhibited toward the substrateactivation and reduction;(iii) it
reveals "enzyme-like"kinetics; and (iv) it showsreversible prop-
ernes. Previously,"we have shown that the enzyme formate
dehydrogenase acts as biocatalyst for the photoreduction of
CO2/HCCV> formate. Thepresent system is an artificial model
that mimicsthe functionsof this biocatalyst.

It should be notedthat in the present study a photosystem has
been applied to characterize the catalytic activityof the Pd-j9-CD
colloid only as a matter of convenience. The high quantumef-
ficiency of MV** generation in these systems provides a rapidand
effective accumulation of the electron carrier,MV**,that does
not affect or influence the subsequent kinetics of formate pro-
duction. In fact, any otherroutethatgeneratesMV**could lead
to the catalyzedredactionofHCCV to formate. Indeed, dec-
trogenerated MV** similarly mediates the reductionofHCCV
to formate in the presence of the Pd-0-CDcatalyst. Our results
reveal that the preparationconditionsof the Pd-j3-CDtremen-
dously affect the resulting catalytic activities of the colloids.
Although the origin of the different activities of Pd-T?-CD colloids
is not Fully understood,we suggest that temperature-controlled
morphological differences ia the metal colloid dusters are re-

sponsible for the differentactivities. Ourresults imply that similar
Pd catalysts might have potential catalytic activitiesin hydro-
genation or electrochemicalreductionofCOi/HCOj". These
aspects, as well as attempts to characterize the activated species
of HCO3"and HCCVon the Pd-|3-Cd catalyst, are now being
further examinedin our laboratory.
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photochemicalFixation of Carbon Dioxide: Enzymic Photosynthesisof Malic,
, Isocitric, and Formic Acids in Artificial Media^

Daniel Mandlerand ItamarWHlner
Lfa/Vers/ryo/Jemsa/em, , As/ae/

Photosensitized regeneration of 1,4-dihydronicotinamide adeninedinucieotide phosphate (NADPH)
with an artificial photosystem allows the enzymic fixation of CO, through carboxylation of a-oxo
acids using sacrificial electron donors. Pyruvic acid is carboxylated to malic acid and a-oxoglutaric
acid is carboxyiated to isocitricacid with the malic enzyme and isocitrate dehydrogenase (ICDH) as
biocatatysts, <p = 1.9%. Malic acid formed through the photosensitized process is used as a synthetic
building block for subsequent sesquestered enzymic transformations, and its conversion into
asparticacid is accomplishedwithfumaraseand aspartaseas biocatalysts.

Photoreductionof COj to formateis accomplishedin the presenceof formatedehydrogenase (FDH)
as catalyst. Photosensitized reduction of different bipyridinium relay systems, /.e. /V,/v"-dimethyl-4,4'-
bipyrjdinium (MV+) (1), /WV'-dimethyl-2,2'-bipyridinium (DM'*) (2), /V,W-trimethylene-2,2'-
bipyridinium (DT**) (3), and/V^V'-tetramethylene-2^2'-bipyridinium(DQ**) (4), to the corresponding
radical cations yieldsreduced relays thatact as cofactorsfor FOH,whichmediatesthe reduction of CO,
to formate. The quantum yield for formateformation is in the range p = 0.51.6%

Substantial efforts have been directed in recent years towards
the development of solar light conversion and storage
systems.-""*Specific emphasis has been given to the conversion
of abundant materials into fuel products. In this respect,
photolysis of waterto hydrogen andphotoreduction of carbon
dioxide to organic fuel products are of special interest.'
Photosensitized hydrogen evolution from aqueous solutions
has been reported in various systems with homogeneous * or

heterogeneous* catalysts.
Activation of CO, by homogeneous transition metal

complexes has been extensively studied in recent years.'-'*'
Ekctrocatalysed reduction of CO, to formate, oxalate,
methane, ere. has been observedin aqueous as well as in non-
aqueous mediain the presence ofspecific electrodematerials' *

or transition metal complexes,'*'* though the reduction
potentials achieved are usually too negative for applicationin
photochemical reduction processes. A few studies have
examined photoreductionofCO,.Lehnandhisco-workers ****

havereported on the photoreduction of CO, to COorformate
*ith Co", Ru", and Re" complexes. Photoreduction ofCOj to

organic products has been achieved in low yields by use of

0 H

"CCR* + CO* + 2e~ + 2H+ -

H

semiconductor powders**"'* such as strontium titanate
(SrTiOj),tungsten oxide (WO3), and titanium oxide (TiOJ.
Recently" we have demonstrated that carbon dioxide is

photoreduced to methaneby heterogeneous Ru or Os colloids.
The reductiveinsertion of CO, into a carbonhydrogen bond
[equation (1)} might be considered as a simple route for the
fixation of CO,. In nature many enzymes are active in
decarboxviarion processes that are anti-CO,-üxation routes.
Forexample, in thecataboliccycle, isocitricand malic acidsare
decarboxviated to i-oxoglutaric acid [equation (2)} and
pyruvic acid [equation (3)3 in the presence of the cofactor
niconnamideadenine dinucieotide phosphate (NAJDP"')and
the appropriateenzyme isocitrate dehydrogenase(ICDH)(E.C
1.1.1.42) or malic enzyme (EC 1.1.1.40). Similarly, formate is
decarboxylated in the presence of the cofactor niotfnanudff
adenine dinudeotide (NAD") and catalysed by formate
dehydrogenase(FDH) (E.GL2.L2) [equation (4)].

Sinceenzymes are often reversibly active, one might envisage
means to reverse the processesoccurring in nature and induce
carboxylation pathways using biocatalysts, and thereby
develop COj-fixation processes* Recently""" we have

OH COjH
R'CC R* CD

t I
H H

OH
I I
C

I
H

+ NADP

0
rcoH H

- HO2CCCHjCHjCOjH + NAOPH + COj + (2)

OH

HOjCC

H

NADP"

0
matic enzyme II

HO2CCCH3 + NAOPH + + H"

HCOjH + NAO"*
FOH

NAOH
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developed photoinduced cycles for the regeneration of the
NAD(P)H cofactors. We have shownthat the photogcnerated
A'JV-dimethyl-4,4'-bipyridinium radical MV~" mediates the
reduction of'NAD" or NADP~ to NADH and NADPH in
the presence of the enzymes iipoamide dehydrogenase
(LipDH) (E.C. 1.6.4.3) and ferredoxm-NADP"-rcductase
(FDR) (E.C 1.18.1.2), respectively. Furthermore, we were
able to couple the photoinduced regeneration cycles to
enzyme-cataiysed synthesis of amino acids, alcohols, and
hydroxy adds. Thus, it seems Feasible that COj reduction
processes might be driven by the light-induced regeneration
of NAD(P)H cofectors, assuming that the enzymes exhibit
reversible activity.

In a preliminary note, we have reported *
on the successful

photoinducedcarboxylation of pyruvic acid to form malic acid
as well as the fixation ofCO, into a-oxogiutaricacid to form
isocitricacid. Here we present a comprehensivestudy ofseveral
photoinducedenzyme-catalysed CO; fixation systems.
These fixation processes were carried out by using either the

NAD(P)H photo regeneration cydes coupled to enzymic
fixation reactions, or by utilizing an artificiallyreduced co&ctor
coupled to anenzyme.

Specifically, we have developed artificial photochemical
systems for the reductive carboxylation of pyruvic and <r-

oxoglutaricacids to malic and isocitricadds, respectively. Also
the reduction of CO, to formate has beenaccomplished by use
of various relay systems and formate dehydrogenase as

biocatalyst.
Malic add obtained by the fixation ofCO, into pyruvic acid

could be utilized as a synthetic precursor for sesquestered
enzyme-cataiysed reaction. SpcdficaUy, this photoproduct has
beencoupledto dehydration followed byanimationto formthe
C.-aspanicacid produce

Absorption spectra were recorded with a Uvflcon-820
(Kontron) spectrophototneter. Produa analyses were per-
formed with an LKB high-pressure liquid Chromatograph
equipped with KnauerUV and conductivity detectorsor with
anLKB4400 aminoacidanalyser.

Illumination experiments were performed in S ml glass
cuvettes (lxl cm) equipped with a small stirring bar and a
serum stopper.The light sourcewas a 1 000 W halogen quartz
lamp, and light was filtered through a 400 nm cat-off filter.
Comparison of the different relaysystems in formate formation
was carried out byplacing all the couverteson a rotating disc.
The disc was immersed in a water-bath, kept at 10C and
rotated byanexternalmotor.JV^V"-Dimethyl-2^'-bipyridinium
(DM**) (2), ^^-trimethyiene-i2'-bipyridinium (DT**) (3),
and /^'-tetramethylene-2^'-bipvridmmm(DQ**) (4) were

prepared according to the literature methods." All other
materialsandenzymeswere purchasedfrom Sigma orAldrich.
^a/icacid Thesystem was composed ofa Tris buffer (4.2 mt

0.2m; pH 8.0) that included the substrate: pyruvic acid
(4.7 x 10-*M), MV** (15 x 10-SfX NADP* (LS x IO-*M),
[Ru{bpy),3** (Zl x 10-*M), MnQj (9.5 x 10"*m), NaHCO,
(0^m), and the electron donor 2-mercaptoethanol (1^ x 10"*m
initial concentration).To this solution were added FDR (0-2
units) and maße enzyme (1.33 units). The system was
illuminated under a gaseous atmosphereofCOj and thepH was
maintainedat 7.9 by gradual addition ofKOH. Samples (300 ul)
of the solution were taken out at intervals, passed through a

cation-exchange resin (Dowex 50W x 8), and analysed by
h.p.l.c. coupled with a Wesean anion, exclusioncolumn and a

conductivity detector (eluant solution i0""*M-H,SOj.; flow 0.6
mlmin"').

rrc acn Thesystem wascomposedofanaqueous0.16m-

(1)

(2)

!Me

(3) DT'

M Me

+ \ 4

[

\

Tris buffer solution (4 mt pH 75) that included [Ru<bpy)j]--
(23 x I0-*mX NaHCO, (0.16m), NH*^ (0.08m) pyruvic acid
(4 x ICHm), MV* (1.6 x 10-SiX NADP* (X2 x ICTm),
Mndi (8 x 10"*m), and 2-mercaptoethanol (1.6 x IO^-m
initial concentration).To the solution were added the enzymes
FDR(QJ units),malic enzyme(0J anits),finnarase(E.C4.2.1.1
156 units) andL-aspartase(E.C43.1.1; 3 units). The deaerated
solution was illuminatedand samples (100 ul) weretaken out ai
intervals. Samples were treated with 5-sulphsalicylic-- acid
before analysis. Make addand fumaric acid were analysed by
ion chromatography using the procedure described for malic
arid. Aspartic acidwasanalysed byanamino addanalyser.

ZsoezrricoeÄi Thesystemwas composed ofTris bufifer(4.2ml:
OJipH 7^) thatincluded [Ru(bpy)3]^(1.4 x IO-'mXMV-"
(1.7 x 10"*M), NADP* (L7 x 10-*m), MnCU (1.7 x 10-*mI
NaHCO, (0.17m), *-oxoglataricadd (4.2 x 10"*m), and the
electron donor DL-dithiothreitoI (DTT) (83 x 10~*m initial
concentration). The followingenzymes were added: FDR (0.2
units) and isodtratedehydrogenase (0.47 units) immobilized on

poly(aciylamidc-co-M-acryioxysuccmimide) by the procedure
developed by Whitesides er at" Samples (120 jii) of the
illuminated solution were passed through a cation-exchange
resin (Dowex 50W x 8) and analysed on an R.P-18 column
(Merck); eluant 03m-HjPO*(0.8 mt mm"' flow rate). Isocitric
anda-oxoglutaricadds weredetected at 210 nm.
iwmic ae To a phosphate buffer (3.4 ml; 0.2m; pH 7.0

solution were added [Ru(bpy)3]-* (3 x 10-*m), one of the
charge relays (MV**, DM^*, DT** or DQ^*; 1 x 10-m).
cysteine as an electron donor(1 x 10^M),NaHCOj (0.2m). and
formate dehydrogenase(FDH) (0J9 mrits). Samples (200 ul)
were taken out at intervals and analysed for formate using an
ion Chromatograph {Wescan anion-cxclusion column; eluant
ICr^M-HiSO*;flow rate0.6ml mta"'), as well as byanenzyme
assay.**

Results and Discussion
Illuminationunder CO, of the aqueous solution that include-
the photosystemÖtu(bpy)j3-*as sensitizer. the charge rcla>
MV**, and the sacrificialelectron donor 2-mercapioethanol. m
the presenceofthecofactor NADP *. the substratepyruvic acni.
and the enzymes FDR and malic enzyme, results in 'he
formation of malic add. The rate of product formation '>

depicted in Figure 1. Control experiments revealed that ail '"*
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p are essential for the phoioinduced production of
^icacid, andexclusionofanyofthe components of the system
^vented the formation of malic acid.
'

Our previous studies" have elucidated the different steps
.solved in the photoregeneration of NADPH. The excited
^-nsitizer [Ru(bpy)j]-* * is quenched by MV-*

wa an electron-
uansfer process. The oxidized sensitizer formedby this electron-
ansfer reaction is reduced and consequently the light-active
compound is regenerated. The reduced electron relay MV"
^ the reduction of NADP' in the presence of the

FDR. Indeed, uponilluminationofa solutionwhich
[Ru(bpy)3]-~,MV", 2-mercaptoethanol, NADP~,

^ the enzyme FDR. accumulationof NADPH could be
-aonitored spectroscopicallyat A. 340 ran (<p = 15%).Addition
^ the malic enzymein the dark, in the presence of the substrate,
pyruvic acid, and CO,, resulted in the disappearance of
NADPHand the productionof malic acid. Thus, we conclude

Illumination time (h)

Figure I. Rate of moue acid formation as a function of illumination
time wich addition of mercaptoethanolat (a) (2-2 x ICT-M) and (b)
117 x

that the photoinduced reduction of NADP' mediates the
reductivecarboxylation of pyruvic to malic acid.

Figure 2 summarizesschematicallythe sequence of catalytic
reactions that leads to the fixation of COj into pyruvic acid.
Several points should be noted.Thenature oftheelectron donor
strongly affects the fixation process. Substitution of 2-
mercaptoethanol by other electron donors such as ethyl-
enediaminetetra-acetic acid (EDTA), triethaaolamine, or

cysteine totally inhibited the formation of malic acid. Since our
previous studies haveindicated that these electron donors lead
to photoinduced regenerationofNADPH,weconclude thatthe
latter donors deactivatethe carboxyiarion catalyst, namelythe
malicenzyme.In addition,the rate ofNADPH formation must
be controlled, since accumulation of NADPH in continuous
illuminationresults in degradation of the cofactor. The lability
of the cofactor is probably due to partial photochemical
activity -* of the reduced cofactorNADPH that might serveas
anelectron donor to the oxidized sensitizer. Hence, we had to
monitor the rate ofNADPH formation, so that a low steady-
state concentration ofthe reduced cofactorwas maintained.The
experimental conditions describedrepresenta suitable balance
for the photochemical generation ofNADPH and subsequent
chemical consumptionof the cofactor. Thus thequantumyield
of carboxylated acids is controlled by the quantum yield of
NADPH formation," <p = 1.9%. Indeed, it can be shown
(Figure 1) that the rate of malic acid formation is mamTamttrf
constant over a long period of illumination.
Our success in the photocarboxyladonof pyruvic acid to

form malic acid has encouraged us to try to use

photosynthesized malic acid as a 'building block' for the
photoinduced synthesis of other C*-prodncts by enzymic
nrg? Malic acid can, in principle, be dehydrated enzymically
to form Surnaric acid, that subsequently, ia the presence of
another enzyme(aspartase) and ammoniumions, is amnatcri
to aspartic acid.

Illumination of an aqueous system that includes ai the
components described for the photoinduced production of
malic add, and in additionammoniumions and the enzymes
fumarase andaspartase,yields aspartic acid. Figure 3 displays
the rateof aspartic acid formation at intervals of illumination.
In the absence of aspartase no aspartic acid is formedand the
photoproducts are malic add andfumaric add.Howeveria the
presence of aspartase only aspartic add is detected as

photoproduct and no accumulation of the intermediate
products, /-*. malic or fumaric add, can be detected in the
reaction medium.Theseresults are attributedto theequilibrium
constant of the last reaction in the sesquesteredenzymic cyde,
te. the animation process ( = 4-3 x 10 I mot-'). Wtale the
conversion of mauc into fumaric acid is uofevourable (/T =

It
CHjCCOtH+ CO2

RSH + CO2

HO2CCCH2CO2H
I
H

a. ferredoxin-NADP--reductase: b. malic enzyme;c. isocitrate dehydrogenase: d. formate dehydrogenase: e. famarase: f, aspartase
Figure 2. Cyclic scheme for the photoinduccd CO,-fixation systems
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3*55
Illumination time (h)

Figure 3. Rate of (a) aspartic and (b) fumanc add formation as a
function of illumination time

0.23), coupling ofthis reaction to the formation ofaspartic acid
shifts the equilibrium towards ammo acid formation, and
consequently, in the presence of aspartase, aspartic acid is the
only product

Figure 2 representsschematically the entire photochemical
process leading to the fixation ofCO, into pyruvicacid to form
aspartic acid tua a multi-enzyme-catalysed process.
A similarapproachhas been examinedfor the fixation of COj

intox-oxoglutaricacid to produce isocitricackLIlluminationof
an aqueous solution under CO2 that includes [Rö(bpy)33**,
the relay MV--, the electron donor DTT, NADP*. the
substrate o-oxoglutaric acid, and the two enzymes FDR and
isocitrate dehydrogenase(ICDH) yields only low amounts of
isocitric acid (co. 10"*m), andthe system is deactivatedafter 1 h
illumination.Re-addition of ICDHregeneratesthe activity of
the systemtowards isocitric acid formation upon illumination,
implying that the carboxylating enzyme is deactivated in the
arnfical environment. Wethereforeimmobilized theICDH ona
water-soluble polyacrylamide derivative containingactive ester
groups."

Illumination of the previously described system with the
immobilized ICDH resulted in the long-term formation of
isocitricadd. Figure4displays the rate ofproduct formation as
a function ofillumination time. It is evident that the activityof
the system is maintainedconstant for at least 6 h illumination.
Control experiments revealed that all the componentsincluded
in the system are essential to induce the photosynthesis of
isocitric acid, and exclusion of any one component prevents
product formation. A stcpwise experiment, where ICDH was
added in the dark to an aqueous solution that included
photogeneratedNADPH,was also performed. Addition of the
second enzyme (ICDH) resulted in the disappearance of
NADPH andformation ofisocitricacid. Thus, it is evidentthat
the productionofisocitric acid proceeds by a mechanistic cycle
similar to that described for malic add formation (Figure 2).
The primary step involves the FDR-catalysedphotosensitized
regeneration of NADPH;the secondstep utilizes the reduced
cofactor to induce the enzyme-catalysed carboxylation of a-

oxoglutaric to isocitric acid [equation (2)}.
The enzymic decarboxylation of formic add by NAD*

{equation (4)] in the presence of formate dehydrogenase is well
established.-* This process is thermodynamically favoured
towardsthe oxidation offormic add (ACT* = 4.6 kcal mol"')."'
Thus, better reducing agents than NADHmust be used in

older to reverse the naturally occurring process. Previous
studies*'' revealed that FDH (from .Pfeiaioinanas axafancuf)
recognizesvarious artificalelectronrelays in additiontoNAD"\

2 * 6 8
Illumination time (h)

Figore 4. Rate of isocitric acid formation as a function of illumina.
time with addition ofDTT {5 x 10***) at (a) and (b) 5

such as methylviologen and benzylviologen radical catior
Therefore,we have examined the ability ofa series of redud
relays of bipyridinium structureto act as artificial cofctors it
the reduction of CO, in the presence of the enzymeFDH.

Interestingly, we have found that several reduced bip;
ridinium species actas substratesfor the enzymeFDH. and m
participation of the cofactor, NAD*, is not require!
Illuminationof aqueous solutionsunder CO; (pH 6.8) tbi
include the sensittzer CRu(bpy)J-*,one of the electron retal
//,JV'-dmiethyl-4,4'-bipyridinittm (MV-*) (1), M/r-dimeth>1
2^-bipyridinium(DM**) (2X W^'-trimediylene-2J>'-bip1
ridimum (DT**) (3), and AfJV"-tetramethylene-22'-bip1
ridmium (DQ-*) (4), cystenje as electron donor, and dn
enzymeformate dehydrogenase, resultsis the reduction ofCO
to formate. The rate of formate formation at intervals
illumination is displayed in Figure S Control experirnen
revealed that ail the components are essential to induce th
reduction of COj, although very small amounts of formai
could be detected in the absence of FDH. It should t

emphasized that die enzyme FDH is very unstable; upo
illuminationof these aqueous systems at room temprait
(24Qcomptedeactivationof theenzymeis observed witht
0.5 h andonly limited amounts of formate can beaccumulate

Attempts to stabilize the enzyme through immobtlizatio
faSed. Nevertheless,bylowering the temperature ofthe reactiol
medium the stability of the enzyme is substantially enhance
Illuminationofthe aqueous solutionswas thereforeperfornw
at 10*C Undertheseconditions,the concentrations offorma
produced were in the 10~*M region (Figure 5). However. er

under these conditionsdeactivationofFDH occurs: the enzynt
loses 90% of its initiai activity within 6 h illumination.Th
highest quantum yields for formate formation are observe:
using thetworelays MV** andDT** and correspondto <f> =

1.6 x 10-*.
The fact that the various reduced relays mediate directh ih

reduction of COj to formate in the presence ofFDH ailos u

I kcal = 4.184 U.
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[Q outline the cyclic scheme displayed in Figure 2 as the route
for the formationof formate.

It shouldbe noted that the effectiveness of the various relay
^sterns for the reduction ofCOj to formate does not coincide
,th their reduction potentials. The quantum yield for the
formationof the reduced relay is affected bythe quenchingrate[equation (5)] and the destructive recombination of the
photoproducts by back electron-transfer [equation (6)].

[Ru(bpy)J** * + V** -L. CRu(bpy)3j**+ V*- (5)

[RuXbpy)^* + V*- -^>ERu(bpy)j]-*+ V-* (6)
Previous studies-* have indicated that the effectiveness of

electron transfer from excited [Ru(bpy)33** to a series of
bipyridinium charge relays depends strongly upon the

25 SO 75
Illumination timefrmn)

100

Figure5. Rate of formateformation as a function ofillumination time
mgvarious chargerdays: (a) MV**, (b) DT**, (c) DQ**, (d)DM**,ie)DT** without FDH

Table l. Quantum yields, reductionpotentials, and quenchingconstantsof ll chargerelays in the formic acid system

Electron
relay
MV**
DT**

Vw-NHE
I0-*Jfc,(28C)/
lr''

Q
DM*

-O55
-0.65

I0J
5.74
124
U

1.6
1.0
05

reduction potential of the relay. It has been found that the
quenchingrate constant decreasesas the reduction potential of
the relay decreases, consistent with electron-transfer theories. In
contrast, the back eiectron-transier process is only slightlyaffected by the reduction potential, and with all relay systemsused in our studies diffusion-controlled rate constants have
been observed. Thus, the effectiveness of the reduced relayproduction is affected mainly by the electron-transfer quenching
process.

Table I summarizes the quantum yields for formic acid
formation by use of the various relays in comparisonwith their
reduction potentials and electron-transfer quenching rate
constants. It is evident that the highest formate yields are
obtained with MV**, which exhibits superior quenchingproperties, while DM** shows the lowest activity as well as a
poor electron-transfer quenching rate constant. Thus, it is
reasonable to attribute the different quantumyields of formic
acid production with the variousrelay systems to their primaryelectron-transfer quenchingproperties. Nevertheless, differences
in recognition of the reduced relay by the enzyme FDH and
subsequent effects on formic acid production cannot be
excluded.
Whenever enzymes are applied as biocatalysts in synthesis,

and specifically when they are introduced into anütcally
tailored systems, their stability must be considered. Table 2
summarizesthe turnover numbers (TN)of theenzymes as well
as otheringredients includedin the various COj-fixationroutes.Thequoted turnover numbers for die enzymes are lower limits
in the sense that enzymeactivity is still preserved whenthese
valuesare determined It is evident that the enzymes as well as
other ingredients are effectivelyrecycledin the varioussystems.However, we emphasize that different precautions were
undertaken to achieve the observed stabilities of die
biocatalysts. For malic enzyme, selection ofthespecific electron
donor, /-. 2-mercaptoethanol, and controlling the rate of
NADPHphotogeneration are essential to maintain the activityof the system. For ICDH, immobilization on a solid support is
required to achieve biocatalyst stabilization. Finally, stabiliz-
ation ofFDH is accomplished by operating the photoinducedCOj-fixation process at relatively low temperatures (10Q.
A further aspectto be considered in these systems relates to

the thermodynamic balance of the net photosensitizedCOi-
fixation processes. We have emphasized earlier-' the synthetic
advantages of using the photochemicaily induced regeneration
of cofactors over chemical regeneration routes. The fact that
light energy constantly drives the reduction of NAD(P)* to
NAD(P)H through the photosensitizedprocess eliminates the
reverse reduction of NAD(P)* by the product as it is
accumulated. Consequently, endoergicreactionscan be derived
and products can be accumulated in amounts that are
substantially higherthantoeestimateddark-equilibriumvalues.
Thecarboxytation processesof pyruvic acid and x-oxoglutaric
acid by NADPH to form malic andisocitricacids respectively

Table 2- Turnover numbers of the components in the various COj-fixation reactions.

Malic acid
Asparricacid
tsoci trie acid
Formic add

1074
174
272
67

MV**
117
25
23
2

NADP-*
622
6-3

11-4

FDR'
23 x 10*
L6 x 10*
Z5 x 10*

FDH*

2 x

Malic
enzyme'
7.4 x 10*
6J3 x 10*

rCDH'

5.5 x 10*

Fumarase' Aspartase-''

10* 10*

*

Formula wt.(FW>40 000 (M. Shin. itf*oa!* Strywwt. 197L23.441), FW 300000 (T. Hopner and A. Trutwent. 2: .Vantr/orsc*.. Tf Ä 1972,27.'0?5>. * FW 280 000 (R. Y. Hsuand H. A. Lardy, /. ÄW. Cfent, 1967,24Z 52t. * FW 58 000 ( R. F. Coiman. /. JSW. Com- 1968,243.2454>. * FW*5Q0(S.Beekmansand L-Kanarek. r.X -fifoe/tef, 1977,78.437). ''FW48 5OT (S. Suznld, J. YamagucW.and M. Tokusaig^.5>c*.S/A* 1973,321, 369).
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NADPH +

0
II

4- CO,
OH

i
NAOP* + "O2CCH (7)

0
il

NAOPH + "OjCCCHjCHjCOj" + COj

CH3CCO2H + CO2 + 2HOCH2CH2SH

OH
i

^=^ NADP+ + -O2CCH-CHCH2C2"
I
CO2"

OH
-*- HO2CCH2CCO2H + (HOCH2CH2S)2

H

(83

(9)

0
It

HO2CCCH2CH2CO2H
HS SH

w
HO OH

OH

CO2 *- HOiCCHCHCH2CO2H +

COz HO OH

33

(10)

2 HSCH2CH2CHNH3 + CO2 HCO^H + (H3NCH (It)

[equations(7) and (8)] exhibit equilibriumconstantsof 19.6 and
1.3 1 mol"', respectively. Thus, afterfight-inducedgeneration of
NADPH, the two carboxylation reactions are expected to

proceed spontaneously.
Nevertheless,the net photosensitizedCO;.-fixationprocesses

that form malic and isocitricacids (Figure 2) correspond to the
reductivecarboxylation ofpyruvie and s-oxogiutaricacidsby2-
mercaptoethanoi[equation (9)] and D4.-dithiothreitol (DTT)
[equation (10)], respectively. TheCOj-fixation process to form
malic acid is endoergk by ca. 113kcalmot"* ofproduct formed;
in turn, the therrnodynamic balance for the process that forms
isocitricacid is estimatedto be close to A(7* =s 0. SinceDTTis a
relatively powerful reducing agent (* co. d3Vnt hydrogen
electrode), the process mightexhibit endoergicpropertiesifthis
electron donorwas substitutedwith donorsofweakerreducing
properties, e. expected to lead to endoergic production of
isocitric acid.

Finally, the fixation of CO, to formic acid by using FDH
correspondsto the light-inducedreductionofCO2 by cysteine
[equation (11)]. The thermodynamic balance of this process
shows that it is endoergic by oo. 5J kcaL mol"' of formate
formed and demonstrates that in this process light energy is
converted and stored in the form of formic acid that might be
considered as a fueL

Conclusions
Thepresent study has revealedtwoapproaches to the fixation of
CO, where enzymes and natural cofectors act as catalysts in
artificial chemical environments. One approach involves the
carboxylation of a-oxo acids by CO: and elongation of the
organic substrate chain by a single carbon atom. These
carboxylation reactionsrepresentthe reverse of someprocesses
that occur in the cataboiiccycle in nature. For example, the
light-induced formation of isocitric acid corresponds to the
reverse of one step of the Krebs cyde where decarboxylation
occurs. The photoinducedcarboxylation reaction allows us to
form synthetic building blocks for subsequent sesquestered
enzymic synthesis. Theformation of aspartic acid from pyruvie
acid demonstratesa route for the derivadzation of organic
substrate through the primary fixation of CO,. A second

approachfor the fixation ofCO2 is exemplifiedbythe formation
of formate in the absence of a natural cofactor but with the
enzyme FDH as biocatalyst. We have shown that various
reduced relay systemsa as artificial cofactors for the enzyme
Formate as product is of substantial interest as it acts as a

hydrogen storage compound. Subsequent H\ evolution or

utilization of the formate hydride in hydrognation reactions
might be important routes.
The application of biocatalysts in artificial media reveals

somecomplexity in tailoring the systems. Stabilizationof the
biocatalysts has been accomplished suz specific and different
methods such as immobilization on polymers, inclusion of
electron donors that stabilize the enzymes, or lowering the
temperature of the reaction medium.
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Visible-Hght-photoinducedHydrognation and Hydroformylationby Use of

Water-soluble RhodiumTriphenylphosphineComplexes
ItamarWHIner* and Ruben Maidan
DeparrmenrofO/gan/cC/ie/n/sr/y, The HeörewUn/vers/ry ofJerusa/em, Jerusa/e/n97904,/srae/

Chlorotris-(3-diphenylphosphinoben2enesuiphonate)rhodium[RhiCKdpmlsP-, acts as a homogeneous catalyst in

the photosensitizedhydrognation of ethylene or acetyleneand for the hydroformylationof ethylenein the

presence ofCO.

Considerable efforts are being directed towards the develop-
ment of light-induced H;-evolution processes using hetero-

geneous' and homogeneous^ catalysts. Hydrogen atoms

photogeneratedi siru and boundto heterogeneouscatalysts
have been applied in the hydrognation of unsaturated
substrates* and of hydrogencarbonate.s Photogenerated
hydrido transition metal complexes could provide
homogeneous catalysts for a variety of hydrogen-transfer
reactions.*

Recently, photoinduced Hi-evolution by use of a water-

soluble Rh triphenylphosphine complexhas been reported.'
Here we report the photosensitized hydrognation and

hydroformylation ofunsaturated substratesin aqueousmedia
by use of chlorotris-(3-diphenylrAospMnobenzenesulpbo-
nare)rhodium[Rh*Q(dpm)3p-(I),* as catalyst.
The hydrognation system was composed of aqueous

phthalatebuffer (pH4.5; 3 mi) containing trisbipyridinenuite-
mum(n) [Ru(bpy)jp+ (1.4 x 10-* m). as photosensitizer.die
rhodium catalyst (1) (1.0 x 10-m), and ascorbate as

sacrificial electron donor (5 x 10-2m). To the deaerated
system was added ethytene or acetylene (0.2 ml), and the
solution was illuminated (X>400mn)widia 150WXenonarc.

In the presence of ethylene, photohydrogenationproceeded
TO form ethane with concomitantevolution of H?. Photo-

hydrognation of acetylene yielded ethylene and ethane

together withevolvedH?. In the absenceof die unsaturated
substratesonly Hi evolution was observed. The rates of die

photoinducedhydrognations of ethylene or acetylene and
the Hz-evolution rates in the presence and absence of die

substrates are displayed in Figure l(A).t It is evident diat

ethylene is hydrogenated to ediane, and diatdie hydrogena-
don products of acetylene are ethylene and etiiane. It is also
evident from Figure 1(A) diat die sum of the amounts of

hydrognation products and concomitanthydrogen evolved
witii ethylene as substratecorrespondto die total amountof

H2 evolved in die absenceof the unsaturated substrate.These
results implydtata portion ofdie photogeneratedhydrogenis

utilized for the hydrognation of ethylene or acetylene.
Control experimentswhere die amount of photogenerated
hydrogen wasinjected into an aqueous solution (pH 4.5) dtat
included die catalyst (1) and die unsaturated substrate

ediyene or acetylene revealed that no hydrognation of die
substrates occurs in die dark within 24 h. Thus, photo-
hydrognation of ediylene and acetylene involves an m-

photogenerated hydridorhodium intermediate rather dian

photogeneratedmolecularhydrogen.It should be noted that

hydrognation ofunsaturated substratesproceedsin the dark*
in the presence of (1) at H; pressure corresponding to 5 atm.

However, in the photochemical experiments the partial
photogenerated hydrogen pressure corresponds to co. 0.1
atm.; consequently die dark process is prohibited. The
quantumyields (<p) for photohydrogenationof edtylene and
acetylene are 1.8 and 0.61%. respectively. The estimated

turnover numbers of die catalyst (1) are 40 and 13 in the

corresponding two systems.
Introduction of carbon monoxide (1 ml) and ethylene (0.2

ml) to an aqueous solution (pH 4.5) of [Ru(bpy)3p*, the

catalyst (1). and ascorbate as electrondonor, andillumination

(X >400nm). results in the hydroformylation of ethylene to

form propionaldehyde.$ witii concomitant evolution of Hj.
Under these conditions, no hydrognation of ethyiene to

ediane occurs. The rate of propionaldehyde formationas a

function of illuminationtime is displayed in Figure 1(B). The
quantumyield forpropionaldehydeformation ($) is 0.1% and

die turnover numberof {RhCl(dpm)3p-(1) is 3.5. A control
darkexperimentwhere die photogenerated amountofH> was

injectedintodie aqueous system containing ethylene andCO
revealed diatnohydroformylation product wasformed.Thus.
propionaldehydeoriginates froma hydridorhodiumcomplex
rather dian fromphotogeneratedmolecular hydrogen. It is
well established^" diat under hydroformylation conditions.

{RfaiQ(PPh3)j} is transformed into hydridocarbonyltris(m-
phenylphosphine)Thodium(i) {RhH(CO)(PPh3)sl. Indeed.

substitution of (1) by [hydridocarbonyltrisCS-diphenyipbos-
phinoben2enesulphonate)jrhodium(i) [RhH(COXdpm)3p-
(2) in die photochemicalsystem results in die bydroformyla-
tionof etfiyteneatarate similar to that observedwith(1). This
suggeststhat[RhH(CO)(dpm)3p-is the actualhydrofbnnyla-
tion catalyst, widi(1) as precursor.
The photosensitized transformation that leads to the

reductionof{Rh*Cl(dpm)3p- (1) has been elucidatedby laser

Sash photolysis. The primary step involves die reductive

quenching of excited [Ru(bpy)3p+ by ascorbate (HA-)
[equation (1)}> Theresulting[Ru(bpy)]*, = -1-28 V vs.

normal hydrogen electrode (n.h.e.), reduces

[RhCl(dpm)3p-[equation (2)].

2[Ru(bpy)3p++ HA- -^* 2[Ru(bpy)s]+ + A*- -1- H* (1)

Figure I. Rates of photoinduced formation of: (A) hydrognation
products and (B) foydrolorraytattoaproducts; (a> H;evolution in the

absence of unsaturated substrate:(b) ethane formation from ethvl-
ene: (c) H; evolution concomitantjth ethylene hydrognation: 1<J)

ethylene formationfrom acetylene:(e)H; evolution concomitantwith

acetylene hydrognation: (f) ethaneformationfrom acetylene: (g) H:
evolution concomitantwith ethyiene hydroformvtation: (h) propuw-
aldhyde formation from ethytene and CO.

- The gaseous products ,-ere analysed by g.I.c. (MS 5A column for

hydrogen:SpheroMl XOB 075 column for hydrocarbon.!.
$ Propionaldehydeconcentration -as determinedby h.p.l.c.
of the dmitrophenylludrazonc."



Photochemically Induced Oxidative and Reductive
Regeneration ofNAD(P)+/NAD(P)HCofactors:

Applicationsin Biotransformations

ITAMAR WlLLNER,* RUBENMaIDANAND BlLHAWlLLNER
Department ofOrganic Chemistry and

TheFritz HaberResearch Centerfor MolecularDynamics
The Hebrew University ofJerusalem,Jerusalem 91904, Israel

(Keceaerf 10/an* /9S9j
Abstract. Photosensitized regeneration of NAD(P)H cofactors is accomplished

by biocatalyzed and artificially catalyzed transformations in photochemicalassem-
blies, Photogenerated /OV'-dimethyl-4,4'-bipyridmiumradical cation, MV"*", acts
as electron carrier fin' the redactionof NADPH in the presence of the enzyme
ferredoxin reductaseand for the reduction ofNADHin the presence oflipoamide
dehydrogenase.For the photogenerationof MV"*" and subsequentNADPHforma-
tion, three different photosensitizers are applied: Ru(bpz)+, Ra(bpy)+, and
ZnTMPyP**.Thehighest quantum yield for NADPHformation is observed with
Ru(bpz)f+ and is* 1.7X 10~'. ForNADH regeneration onlyZn-TMPyP**can
be applied. Ru(bpy)* and Ru(bp2)|* interact with NADH in their excited or
oxidized forms and therefore cannot be used as light-activecompounds in the
system. The NADPH regeneration cycle has been coupled to the biocatalyzed
synthesis of glutamic acid. Although Ru(bpz^'*" is 42.5-fold more efficient than
Ru(bpy)f* in the regeneration of NADPH, the synthesis of glutamic acid is
improved only by a factor of 2 in the presence of Rii(bpz^^, implying that the
coupled process is rate limiting. Oxidativeregeneration of the NAD*factoris
accomplished in a photosystem that includes Ru(bpy)* as photosensitizer. The
photoprocessis coupled to dehydrogenaaon of ethanol, propanol, lactic add, and
alanine with concomitant Hj evolution. A photosystem that includes Rn(bpy)* as

photosensitizer, ascorbateas electron donor,and chlonwrw-(3-diphenylphosphino-
benzene sulfonate)Rh(I), Rhd(dpm^",is catalyticallyactive in the photoinduced
regeneration ofNAD(P)H cofactors. Mechanistic investigations show that photo-
generated Ru(bpy)j"mediates (he gnration of a hydrido-rhodium complex that
acts as a chargerelay for the productionofNAD(P)H.

Applicationofenzymes as biocatalysts in biotransfor- eration. Enzymessuch as oxygenases and hydroxylasesnotions findincreasing interest asa selectiveand effec- (that include flavin cofactors)transaminases (includingtive means for the synthesis ofvaluablechemicals.''* pyridoxalphosphate), carboxyiases (thatinclude biotin
Substantial progresshas been made in recent years in or lipoic acid as cofactor), and monooxygenases, per-the immobilization of enzymes to various solid oxidase, or mutase (that include porphyrincofactors)
matrices and the design ofcontinuoussystemsofcom- belong to the first subclass of cofactor dependent
mercial utility/ A significant number of natural enzymes. The second subclass involves enzymesthat
enzymesrequire the participationofa cofactor for their require the participationofcofactorsthat require their
activity. Cofactor-dependentenzymescan be classified separate regeneration by an enzymatic process.
into sub-classes enzymesthat include the cofactors Namely, the cofactor is formedina biocatalyticprocessin the catalyticassembly and that the cofactor does not and supplied to the enzymesfor the specific biotrans-
require a self-regeneration for the biocatalyticprocess.
Cofactors such as pyridoxal phosphate, lipoic acid,
biotin, fiavin, or porphyrinsdo not require their regen- * Author to whom correspondenceshould be addressed.

(Dedicatedto the memoryofDavidGinsburg)
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CO 1- ^C=

-+ 2H

tCCOlRhCCOEUUj]

Scheme I. L = dpm

2H-

[RhH(CO)(dpm)3p- (2)

The subsequent hydrognation*- and hydroformyiationi
reactionsbyhydridorhodium complexeshave been the subject
ofnumerousstudies. Scheme 1 representsapossibleroute that
utilizes the photogeneratedhydridorhodiumproduct in subse-
quent Hi evolution, hydrognation, and hydroformylation
processes.

In conclusion, we havedemonstratedthatphotohydrogena-
non and photohydroformylationof unsaturated substrates
proceed witha water-soluble Rh' homogeneouscatalyst. The
stability of these systems is limited. Spectroscopic studies
reveal that the pfaotosensitizer [Ru(bpy)3p* is degraded,
peresumably through phototnduced ligand dissociation to
form [Ru(bpy)2(dpm)J*,and thus a search for other sensitiz-
ers andcatalystsis desirable. Preliminary studiesindicate that
ruthenium, rhnium, and palladiumdpm complexes are also
active Hrevoludon, hydrognation, and hydroformylation
catalysts.
This research was supported by the Berman Foundation

Grant.
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On the Structureof Alkali Metal TriphenylstannideSalts in Solutionand in the Solid
State
ThomasBirchall*and Joseph A. Vetrone
OepartmenrofCftem/stryand r/ie /nst/rurefor Materra/sHesea/rft, 7280 Mam St West Wam/fron, Ontario LffS 4M7,
Canada

Mossbauer data are reported for the li-, Na*,and K+ sate ofthe triphenyistannide anion; the X-ray crystal
structure of Pr3SnK(18-crawn-6} showsthat the triphenylstannide rs a nakedpyramidal ion (Sn-C2.224, C-SnC,
36-3}: no solvent moleculesare incorporatedinto the structure.

Salts of die triphenylstannide anion have not been well
characterized,either in solution or in the solid state, althoughthey are widely used in the syntheses of both organic and
inorganic compounds.' These anions are easily generatedinsolution either by treating the parent hydride with alkali
roetl.i or by cleavage of hexaphenylditin. again by alkali

^ The tin-11.9 Mossbauerspectrum of solid triphenyt-

stannyHithittin has been reported and shows only a single
absorption une.-' We now report the single crystal Jf-ray
structure of triphenylstannylpotassium-lS-crown-.
For the series of triphenylstannide salts, cation-amon

interactions should strongly affect the "*Sn Mossbauer

parameters. We have therefore examined these species as

frozen solutions by Mossbauer spectroscopy. Spectra of these
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Oxidaove
Regeneration

NAD<P)* n. .^ Substrate

Rgnrt!

NAD(P)H

NAD(P)H -^ ^Substrata

MAD(P)* Product

Enzyme

Fig. 1. Biocataiyzedtransformationsthrough NAD(P)*~NAD(P)Hregeneration systems.

Enzym

formation.Cofactors such as adenosine-triphosphate,
ATP, nicotinamidedinucleotide, NAD*, nicotinamide
dinucleotide phosphate, NADP*, and coenzyme A,

CoA, belong to the group of cofactors that require
separate regeneration. It is assumedthatca. 70%ofthe
enzymes belong to this class, wherethe participating
cofactor needs separate regeneration.

Nicotinamidecofactors, NAD(P)*, are important
cofactors in many oxidative or reductive transfor-
mationscatalyzedby oxido-reductases. Various trans-

formations require the oxidized form ofthe cofactor

NAD(P)* whileothers dependon the reducedformof
the cofactor, NAD(P)H<eq. 1). Two general schemes

NAIXPr+2e~+H+NAD(P)H
(E- -0.32V vs.NHE) (1)

for the oxidative and reductive regeneration of

the NAD(P)*/NAD(P>H cafactors are outlined in

Fig. 1. Substantial efforts are directed towards the

development of systems for the regeneration of
NAD(P)*/NAD(P)H^^ cofactors.
Biocataiyzedchemical regeneration ofthese cofactors
has been extensively studied.* Figure 2 summarizes
some of the biocatalytic processes for the oxidative

regeneration ofNAD(P)*cofactorsandFig.3 exempli-
fies enzyme-catalyzed reductive regeneration of

NAD(P)H cofactors.Electrochemical regeneration of
NAD(P)H cofactors has also been examined.' The
direct electroreduction ofNAD(P)* leads to the bio-

catalytically inactive dimerization productofthe one-

electron reduction product, NADP". Yet, the electro-
chemically generatedmethyl viologen (iV^V'-dimethyl-
4,4'-bipyridinium) radical cation, MV+", that acts as

"oocS<r

o

OH
NAO*

Rg. 2. Biocataiyzed systems fin- regeneration of NAD(P)*
cofaaois.

HCOO" NAO*

CHjCHO
Fig. 3. Biocataiyzedsystems for regeneration ofNAD(P)Hcofectors.

29 19*9
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electron carrier, mediates the effective reductive regen-
eration ofNADP* toNADPH in the presence offerre-

doxin-NADP-reductase (FDR, EC1.18.1.2)(eq. 2).*
The oxidativeelectrochemical regeneration ofNAD*
proceedson Pt electrodes with a 90-99.3%efficiency,'
and is further improvedby immobilizationofcatechol
orenzymeson the electrode."'

FDR

NADP++ 2MV+- + H+ NADPH+ 2MV**" (2)

Photosensitized electron transfer reactions have

been examinedextensively in recent years asameansof
solar energy conversion and storage.""" Electron
transfer products can be formed by quenching an

excited species (photosensitizer, S*; Fig. 4). The

quenching process canoccurthrough reductive quench-
ing of the excited photosensitizer byan electron donor,
D.Theresultingreducedphotoproductcan thenreduce
an electron acceptor, resulting in the oxidized and

reducedphotoproducts,D* andA". Altemativiely,oxi-
dative quenching oftheexcited species (Fig. 4B) results
in the reduced electron acceptor and oxidizedphoto-
sensitizer. The subsequent oxidation of the electron

donor recycles the light-activecompounds and yields
the photoproductsD* and A~. Reductive regeneration
ofNAD(P)Hcofactors couldbe envisagedby applying
NAD(P)* as an electron acceptorin such cycles or,

alternatively,through reduction of NAD(F)* by an

intermediary artificial electron carrier, A~, mat

mediates the reductionofthe cofactor. Similarly,oxi-
dativeregeneration ofNADPH could proceedthrough

Iw

(A)

(B)

Fig. 4. Photosensitized electron transfer cycles: (A) Through
reductivequenching. (B) Throughoxidativequenching.

direct application of reduced NAD(P)H cofactors as

electron donorsin the photosensitized electron transfer

reactions or sequential oxidation ofthe NAD(P)H by
the intermediary"hole carrier", D""". Various transition
metal complexes such as metal bipyridine complexes"
or metalloporphyrins"or organic dyes, Le., flavins,
exhibit properphotophysical properties for their appli-
cation as light-active compounds in photosensitized
electron transfer reactions.Indeed, photoinduced oxi-
dative regeneration of NAD(P)* cofactors has been

accomplishedwithvarious organic dyes."Forexample,
photxcited mthylne blue, MB*, or iV-methyl-
phenazonium methyl sulfate undergoes reductive

quenchingby NAD(P)H. The reductive regeneration of
NAD(P)H cofactorshas been developedrecently in our
laboratory.'*Wehave applied photosensitized electron
transfer reactions that generate MV*~ asprimary dec-
tron carrier, whichmediatesthe reductionofNAD* to

NADH in the presence of lipoamide dehydrogenase
(IipDH,EC1.6.4.3) and ofNADP+to NADPH in the

presence ofFDR. Previous studies" reported on the

application of the photoinduced regeneration of
NAD(P)H cofactors in various biotransformations,
such as reduction ofketones and keto-acids,reductive
animation of keto-acids to amino acids, carboxylation
and COyfixation processes,* and multi-step biocat-

alyzed transformations."**'
In the present study, we describe the further devei-

opmentsin the photosensitized oxidative andreductive

regeneration of NAD(P)*-NAD(P}H cofctors and

their application in synthetic routes. We demonstrate
that the photophysical properties of the photosen-
sitizers in respect to the reduced cofactor,NAD(P)H,
control their potential application in oxidative or

reductive regeneration cycles. Also, the efficiencies and
stabilities of the regeneration systems are affected by
the nature of the photosensitizer. Furthermore, we
demonstrate an example of light-induced regeneration
ofNAD(P)Hcofactors using anartificialhomogeneous
Rh(I) complex that substitutes for the natural bio-

catalyst.

EXPERIMENTALSECTION

Absorption spectra were recorded with a Uvikon-810
(Kontron)spectrophotomcter.Gas Chromatographieanalyses
were performed with Hewlett-Packard5890 and Tracor-540

gas chromatographi. liquid chromatography analyses were

performed with a Merck-Hitachi655A-U HPLC or with an

LKB amino acid analyzer. AH chemicals and biochemicals

were obtained from Sigma or Aldrich. Rmhenium(II)-/ns-
bipyridine dichtende,** Ru(bpy)jCl, ruthenium (II) -ts-
bipyrazine dichtende,** Ra(bpx)iCli, zinc(II)-nneso-tetra-

, Mz&znand f*7///rer/PAotocAemaatfy
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methylpyridinium porphyrin iodide," ZnMPyPkand chloro -

wt - (3 - diphenylphosphinobenzenesulfonaie)rhodium (I), ^
Rha(dpm)|~, were prepared according to published pro-
cedures.

Illumination ofsamples was performed at room tempera-
ture with a 150-W xenon arc lamp in a glass cuvette (4 ml)
equipped with a small magnetic stirrer, a valve, and serum

stopper. Lightwas filtered through a 400-nmcutoff filter. The
samples (3 ml) were deaeratedbefore illumination byrepeated
evacuationfollowed by oxygen-free argon flushings.

The systems are composed of 3 ml tris buffer solution,
pH 7.7, that includes i\yV'-dimethyl-4,4'-btpyndinium,
MV*+, 5 X I0~* M, the cofactor NADP*. 1 X 10"' M, the
enzyme FDR, 0.2 units, mercaptoethanol,2 X 10~* M, and
one of the photosensitize, Ru{bpy)|*, 6J X 10~* M or

ZaTMPyP**, 7 x 10"* M. The system that applies
Ru<bpz)f* as photosensitizer includes a similar composition,
but the electron donor mercaptoethanol is substituted by
triethanolamine, TEOA, 2 X 10"* M and die photosensitizer
Ru{bpz)+, 6.3 X 10"* M is included. The production of
NADPH and MV*' as a function of illumination time was
followedspectroscopicaily at time intervalsofillumination at
X-340nm (g-6JX10' M"< cm"') and X-6Q2nm
(e- 1.25 X 10*M"' cm"'), respectively.

/ 5/ocato/yr/ iV/tD/f Äegenerariön
The system is composed of 3 mltris buffer solution,pH

8.0, that includes Za-TMPyP**,6.5 X 10~ M; MV*+, 4X
I0-' M; NAD*, 1 X 10~* M; mercaptoetaanol,2X I0~* M;
and the enzyme UpDH, 100 units. ProductionofNADHwas
followed spectroscopicaily at time intervals of illumination,
X- 340 nm (e - 6.2 X 10* M"'cm-'X

PftotomdMcaf M/lDfP>ff .Regeneration

The systems are composed of 2.5 ml phosphate buffer,
pH - 6.6, that contains Ru(bpy^*, 1.4X 10~' M; ascorbate,
5Xl0~* M; NAD* or NADP*. 3X10~* M; and
RhCKdpm^-, 2.0 X t0~* M. Formatioa of NAD(P)H was
followed spectroscopicaily at X 340 am. Thecoupled rcduc-
tion of acrtaldehydewas examinedin a system composedof
3 mi phosphate buffer, pH 6.8, that includes Ru(bpy)*,
1.40 X 10- M;ascorbate, 5.0 X 10"*M; RhO(dpm)|-,2.0 X
10-*M; NAD*,3.0 X I0~ M; horseliveralcohol dehydroge-
nase (AlcDH, EC1.1.1.1), 2 units; and acetaldehyde, 1.8 X
10"* M. Ethanol formation was followed bygas chrotnatog-
raphy with a PorapakT Column.

The systems are composed of 3 ml tris buffer solution,
pH 8.0, that includes a-ketoglutaric add, 0.1 M; MV**,
4X I0~* M; NHj, 0.1 M; NADP+, 1 X 10"* M; and the
enzymes FDR, 0.2 units, and glutamate dehydrogenasc
(GluDH, EC1.4.1.3), 42.5 units. The system also incteded

Ru(bpy)f+,6.2 X 10"' M:and mercaptoeihanol,2 X 10"* M;
or Ru(bpz)|*. 6.3 X 10"' M; and TEOA, 2X 1O~* iM, as
photosensitizer and electron donor, respectively. The de-
aerated systems were illuminated and samples (100 uJ) were
taken from the systemsat time intervalsofillumination. Each
sample was treated with 5-sulfosalicylic acid to precipitate
enzymes, as described elsewhere.^* Glutamic acidcontentwas
followed with an aminoacid analyzer.

The systems are composed of 3 ml aqueous phosphate
buffer solution, pH 6.8, that includes Ru(bpy)^, 1 X 10~*
M; MV*+, 1.4X 1O~* M; NAD*, 1.2 X 10"' M; and one of
the following substrates and correspondingenzymes: ethanol,
3.5 X 10~ ' M, and alcohol dehydrogenase.AlcDH, 0.2 units;
propanol,2.5 X 10~'M,and AlcDH,0.2 units;alanine, 1.SX
IO~' M, and L-alanine dehydrogenase (AlaDH, EC1.4.1.1),
0.4 units. The system that uses lactic acid as substrate is
composedofa phosphate buffer, aqueous solution pH 8.2,
that includes Ru(bpy#+ 1X1O"*M. iV^V-dimethyl-
ene-2^'-bipyridimum (DQ^*), 5X10" M; NAD+, l^X
10~* M; the substrate lactic acid, 1.0X 10"' M; and lactatc
dehydrogenase (LacDH, EC1.1.1.27), S units. A Pt colloid
stabilized by citrate" (20mg liter'' Pt) is included in the
systemsfor Hj evolution. Hydrogenformatioaat timeinter-
vais of illumination was determined by gas chromatography
sampling, using a 5 molecular sieve columnand argon as
carriergas. The dehydrogenationproducts, acetaldehydeand
propionaldehyde, were determined by gas chromatography
using a Porapak T column; pyruvk acid was determined by
ion chromatography using a Wescananion exclusion column
and 2 X 10"' M HjSOas eluent.

RESULTSANDDISCUSSION

*' mediatesthe enzyme-catalyzedreductionof
NAD(P)*to NAB(P)H. IipDH andFDRcatalyze the
productionofNADHand NADPH,respectively.The
photosensitized production of MV* has been
described in various photosystems that use
transition metal complexes such as Ru{bpy^* or

Siporphyrins.** We have compared the effective-
ness of NAD(P)H regeneration using three different
photosensitizers: Ru(bpy)f* (1), Ru(bpz^* (2), and
ZnTMPyP** (3). These photosensitizers differ in
their spectral absorption properties in the visible
region. Ru(bpy^* absorbs at X^,=-452nm, e

14,600 M-'-cm"'; Ru(bpz)i+ absorbs at J,-
440 am, e-15,000 M-'-cm"'; and Zn-TMPyP**
exhibits the Soret absorption band atl= 433 nm,
8 180,000 M"'-cm-'andanextended Soret band of
lower intensityat X -> 560nm.

29 /9o"9
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The systemswerecomposedofaqueous buffer solu-
non, pH 8.0, that included one ofthe photosensi-
tizers Ru(bpy)f-"",Ru(bpz)f+,orZn-TMPyP*+,MV*+
asprimaryrelay, NADP+ orNAD*, and the enzymes
FDR orIipDH, respectively.Theelectron donor,mer-
captoethanol, was used in the systems that applied
Ru(bpy)f* orZnTMPyP**asphotosensitizers,while
TEOA was included as electron donor in the system
that includedRu(bpz)|* as photosensitizer.

Illumination of the photosystems that include the
NADP+ cofactor andthe biocatalystFDRresults in the
formation ofNADPH. Figure5, for example, displays
the formation ofNADPH(X340 nm) at time inter-
vais of illumination in the system that applies

340 375 410

\{nm)
450

Fig. 5. Spectra of NADPH and MV+" at 20-sectmd tin
intervals of illuminationin the system: [Ru(bpz)*] 6.3 X
10-* M, {MV*+]-SXlO-* M, [TEOAJ-ZIO-i M,
[NADP*]- 1 X 10"*M, FDR -0a units.

Ru(bpz)|* as photosensitizer. The rate of NADPH
formationas a function ofthe cinsteinsabsorbedbythe
systems is displayed in Fig. 6. Table 1 summarizes the
quantumyieldsand initial ratesofNADPH formation
in the various systems. Itis evident thatthe systemthat
includes Ru(bpz)f*as photosensitizeris the mosteffec-
tive, while the system that applies ZnTMPyP**"
is ca. 4.25-fold more effective than that which uses
Ru(bpy)f* as photosensitizer.It shouldbe noted mat
die system that includes Ru(bpz^^ as photosensitizer
does not operate in the formationofMV*" with mer-
captoethanol as electron donor. However, in the prs-
ence ofTEOAaselectron donorRu(bpz)|* is active in
the productionofMV+", implyingthat mis photosen-

Fig. 6. Rate of NADPH formation as a function of light
absorbed by the systems including the photosensitizers:
(A) Ru<bpy)f+;(B>Zn-TMPyP"-,(Q Ru<bpz)+.

Table 1. EfficiencyofNADPH Regenerated by the Various
Photosensmzers

Photosensitizer

Za-TMPyP**

Rate ofNADPH
regeneration
(mol-min"')

1.6X 10-*
6.8 X I0-*

yield)
ofNADPH

1.7 X 10-'
4X10-'
4X 10"'
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HO(CHj)jSH

hv
MV***-v. ^*^IADPH -^- . J

MV-'

FDR

Zn-TMPyP*-

Fig. 7. Scheme for cyclic photosensitized regeneration of the NADPH cofactor, and subsequent biocatalyzed synthesis of
giutamic acid.

sitizer operates bya different mechanismthanthe other
two photosensitizes, ZnTMPyP*+ and Ru(bpy^* in
the generationof the electron transferproduct MV+\
Eliminationofthe enzymeFDRfrom the systemspro-
hibits the formation ofNADPH,andMV+* is accumu-
lated in the systemsupon illumination.Controlexperi-
ments reveal that withoutillumination noformationof
MV+- or NAD(P)Htakes place. Furthermore, Fig. 5
showsthat MV+' is in equilibrium(eq. 3) withNADPH
andboth ofthe productsare accumulatedin the system.
The equilibrium constant of this process has been
estimatedto beAT - {7.9 2.8)X 10" M"'.

2MV"+ NADP++ H+ ++NADPH (3)
Theseresults indicate that photogeneratedMV"*" acts
as an electron carrier that mediates the biocatalyzed
reduction of NADP* (Fig. 7). The photophysical
properties of the various sensitize are well estab-
lished, and the formation of MV*" in the systems
proceeds by different routes. With Ru(bpy)* and
ZnTMPyP**oxidative electron-transferquenchingof
the excited states results in the formation of MV*'
(eq. 4). The oxidizedphotosensitizer subsequently oxi-
dizes mercaptoethanol and the light-active compound
is recycled. With Ru(bpz^* as photosensitizer, the
primary step involves reductive quenching by TEOA
(eq. 5). The reduced photoproduct, Ru(bpz)3*
(*- -0.86 V vs. SCE) subsequentlyreduces MV*+

*' 0.42 V) (eq. 6).

*Ru(bpz)i+ + TEOARu(bpz),+TEQA+" (5)
^decomposition

products

(6)
Theseresults allow us to summarizethe photochemical
route that leads to the regeneration of the NADPH
cofactor byRu(bpy^* orZnTMPyP** acting as pho-
tosensitizers, as schematically presentedin Fig. 7.

In contrast to the application of the three photo-
sensitizers in the regeneration ofthe NADPH cofactor,
only ZnTMPyP*"*" is activein the regeneration ofthe
NADH cofactor. The other two photosensitizers,
Ru(bpz)3* and Ru(bpy)|*, feil to regenerate NADH
despite the effective formationofMV*'. Figure8 shows
the accumulation of NADH in the system at time
intervals of illumination, using ZnTMPyP** as

photosensitizer. It can be seen that NADH @w=
342nm) is accumulated in equilibrium with MV+"
(3L^-392nm)(A:-(62)X10"M~') and a nega-
tiveabsorption band is observedat X -> 440 nm, imply-
ing that the photosensitizerZnTMPyP** is degraded
in the system. Control experimentsshow that in the
absence of the enzyme LipDH no NADH is formed,

500nm

-03L

Fig. 8. Spectra of NADH formation at time intervals of20
secondsofillumination. The systemis equilibrated in the dark
for 60 seconds before recording each spectrum.
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implying that MV+- mediates the reduction ofNAD*
in the presenceofLipDH. The cyclic process that leads
to the photochemical regeneration of NADH is dis-
played in Fig. 9. It involves the primary reductive
quenching ofexcited Zn-TMPyP*+ (eq. 7) followedby
the oxidation of the electron donor by the oxidized
photosensitizer (eq. 8).

*Zn-TMPyP*+ Zn-TMPyP*-'-4- MV+- (7)

Zn-TMPyP*- +HOCH,CH,SH
Zn-TMPyF+ H,-S)j + H+ (8)

It should be noted that the catalytic properties of
LipDH and FDR differ substantially in the photo-
chemical regeneration ofNADHandNADPH,respec-
tively. While the photoinduced regeneration of
NADPH proceeds with a content of0.2 units ofthe
enzyme FDR, the regeneration system of NADH
requires the addition of 100 units of the enzyme
LipDH. Even underthese conditions, the illumination
of the NADH regeneration system results in the
accumulation ofMV*',andthe results shown in Fig. 8
require the dark equilibration of the illuminated
system for one minute. These results imply that the
photosensitized regeneration ofNADPH is kineticaliy
controlled bythe photochemicalprocess that generates
the electron carrier, MV+\ In contrast, the photo-
induced regeneration of NADH is controlled by the
dark-biocatalyzed process, where MV+* mediates the
reduction of NAD*. The degradationof the photo-
sensitizer ZnTMPyP*"*" has been discussed
previously.^ It was found that the degradationprocess
depends on the nature of the electron donorand the
concentrationofMV+.Wefindthatthe degradationof
ZnTMPyP**is less pronounced in the system that
includes mercaptoethanol as electron donorcompared
to systems that include (NH^EDTAor TEOA as sacri-
Sciaielectron donors.
The net reactions that are accomplished in the

photosensitized regeneration systemsofNAD(P)Hco-
factor correspond to the reduction of NAD(P)* by
mercaptoethanol (eq. 9). The thennodynamicbalance
ofthese processes showsthat these are endoergicreac-
tions, AG * 14.5 kcai-mol~'.Thus, the photoinduced

Y [HO tCH*ljS}j TMPyP**W-MV

ZnTMPyP
* ' VmV

UpOH

Fig. 9. Scheme for photosensitized regeneration of the
NADHcofector.

reduction of the cofector represents photosymhetic
routes bywhich light energy is convenedinto chemical
potentialthat is stored in the reduced cofactors.

2HOCH,CHjSH-
NAD(P)H

NAD(P)+ j

OCHjCHjSk +H+ (9)
The reasonfor the failure to regenerate photochemi-

cally the NADH cofactor with the photosensitizers
Ru(bpy^+ and Ru(bpz)^ has been determined by
studying the excited state properties of these photo-
sensitizers in the presence of NADH, as well as the
interaction of the oxidized photosensitizer with the
reduced cofactor. Figure 10 shows the Stem-Volmer
fluorescence quenching plot of *Ru(bpz)f+ by added
NADH. Thus, photoexcited Ru(bpz^* is reductiveiy
quenched bythe electron donor (eq. 10) witha quench-
ing rate constant, A^ 4.5 X 10* s~*. that is close to a
diffusion-controlledvalue. In turn, excited Ru(bpy^*
is not reductiveiy quenched by NADH. Nevertheless,
illumination of Ru(bpy)f*, the electron acceptor
MV**, and NADH results in the effective photosen-
sitized productionofMV+\ This result indicatesmat
NADH acts as electron donor for the oxidized photo-
sensitizerformedby oxidative quenching of the light-
active compound byMV*+ (eq. 11).

* + NADHRu(bpz>3* + -NAD+H+(10)

Ru(bpy)|+ +NADHRu(bpy)i++ NAD+H+ (11)
Wethus concludethatthe failure in the regeneration of
NADH in the presence of Ru(bpy)f"" and Ru(bpz)f+
originates from internal short circuits in the systems:
The photogenerated NADH competes as electron
donor for the excited state or oxidized photoproduct
and is consumedeitherin a reductive electron-transfer
quenching process or in regeneration of the photo-
sensitizers, rather than being accumulated.This dis-
cussion reveals the complexity in the selectionofphoto-

INAOH) (10 M)

10. Stem-Volmer quenching plot of Ra(bpz)f"'" by
NADH.

, Mzfoi onrf WH&wr /PAorocAemafly//aoarf
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sensitizersfor the reductive regeneration ofNAD(P)H
cofactors and highlights various photochemical path-
ways of the photosensitizers in these systems. In ad-

dition, the results support the conclusionthat these

photosensitizers could act in the alternativepathwayof

photosensitizedoxidative regeneration of the NAD*

cofactor, as will bediscussedlater.

iVADPH .Regeneration
Numerous enzymatic processesare dependent on

the NAD{P)H cofactor. Thus, couplingofthe photo-
sensitizedNAD(P)Hregeneration systemstosecondary
biocatalyzedtransformations could be envisaged. The

effectivephotosensitized regeneration ofNADPHwith

Ru(bpz>3* as photosensitizer encouraged us to study

the photosynthesisofglutamicacid inthe presenceof
this photosensitizer and to compare its effectiveness

compared to the system that includes Ru(bpy^* as

photosensitizer. The two photosystems for the re-

generation ofNADPHhavebeencoupledto the reduc-

tiveanimation ofa-ketoglutaricacidto glutamicacidin
the presence ofNADPH-dependentenzyme GluDH.

Figure 11 showsthe rateofglutamicacidformation
in

the two photosystems.It is evidentthatwithinfour
of

our illuminations, a 55% conversion of a-ketoglutaric
acid was achieved. The results also show that the

formation ofglutamicacid is ca. 2-fold improvedusing
Ru(bpz)|* as photosensitizer, as compared to the

system with Ru(bpy)J*.Ourpreviousdiscussion onthe
efficiencies of the photosensitized NADPH regen-

eration systemshas emphasized that the quantumyield

for NADPH formation with Ru(bpz^* is 42.5 times

higher than that with Ru(bpy)|*. Nevertheless, the

effectivenessofthe coupled photosynthesis ofgiutamic
acidis only improvedby a factor of two. These results

indicate that the rate of glutamic acid formation is

limited by the coupled biocatalyzed reductive amina-

tion ofa-ketoglutaricacid rather than by the photo-
chemicalprocess. Indeed, alongthe illumination of the

system that applies Ru(bpz)^* as photosensitizer the

blue radical cation MV+" is accumulatedin the system.

Sinceenzymesare applied in the photosynthesis of

glutamicadd, the productis anticipated to beoptically

pure. Indeed, polarimetric measurements showedthat

the producthadanopticalpurity of(99 7)%.Mecha-

nistic studies indicate that the productionofglutamic
acid proceeds througha stepwise cyclic mechanism,as
outlined in Fig. 7. Exclusion of the enzyme GluDH

eliminates theformationofglutamicacid andNADPH
is formedasphotoproduct Addition ofthe biocatalyst

to the system that includes photogeneratedNADPH
and the substrate results in the consumption of the

cofactor and formation of glutamic acid. Similarly,

exclusion ofthe cofactor as a componentinthesystem

prevents the formation ofglutamicacid and NfV~*" is

accumulated as photoproduct.These control expert-
ments confirm that the formation of glutamic acid

occurs through the secondary biocatalyzed reductive

amination of a-ketoglutaric acid in the presence of

GluDH and the regenerated reduced cofactor,

NADPH.
The stabilities ofthe biocatalysts in such artificial

photochemical assemblies require specific attention.

Table 2 summarizes the turnover numbersofthe dif-

ferent components includedin the two photosystems
used for the productionofglutamicacid. Theturnover
numbershighlightthat the enzymesand cofactors are

effectively recycled in this photosynthetic transforma-

tion and exhibit noteworthy stability in the artificial

medium. It should be noted that these turnover

numberswere estimatedafter four hours ofillumina-

tionunderconditions wherethe systemsexhibitphoto-

synthetic activities. Thus, the values should be con-

sidered aslowerlimits for the stabilities and recycling

propertiesofthe components.Theoverallreaction that

is accomplished in the light-induced production of

glutamicacid correspondsto the reductive amination

ofa-ketoglutaricacidby mercaptoethanol(eq. 12). The

thermodynamicbalance ofthisprocess is endoergicby

ca.24kcal mol" ' andthusrepresents a photosynthetic
transformation.

O

I

TtME (hours)

Fig. 11. Rate of glutamic acid formation as a function of

illuminationtime: (A) with Ru(bpz)f*;(B) with Ru(bpy)i*.

NH,
I
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Table 2. TurnoverNumbers,TN,* of Various Componentsin the Phototnduced
Synthesisof Glutamic Add

System

$

%Conversion""

68
30

MV*

170
75

Turnover Numbers, TN

NADP*

68
30

FDR'

8.2 X 10*
3.6 X 10*

GluDH"

6.2 X 10*
2.7X10*

* TN moles of product formed/moles ofcomponent.
* Conversion (%) is estimatedafter4 hours ofillumination.
RW. 40,000 (Shin, M. A/Aotfr nr>W, 1971, 23:441.)

* RW. = 2^00,000(Sund, H.; Burchard,W. w. /. ÄbcÄem., 1968, 6:20Z)

Oxuizm DQ** as electron acceptor, and the NADH cofactor.
ofA1D* One ofthe following substratesandrespectiveenzymes

Thefailure to apply Ru(bpy)f* as photosensitizer in has been added to the systems: ethanol orpropanoland
the reductiveregeneration ofNADH has been attrib- AlcDH, lactic acid and LacDH, and aianine and
utedto the short-circuitingreaction ofdie intermediate AlaDH. With lactic acid as substrate,DQ** is used as
oxidized photoproduct with NADH (eq. 11). This electron acceptor,whileMV**" isintroducedas electron
result suggests that any oxidative quenching process of relayinto the systemsofthe other substrates.Illumina-
Ru(bpy)f+ could be applied for the photoinduced re- tion of these systems results in MV*' or DQ+*.Exclu-
generation of NAD*. Tne oxidative quenching of sionofNAD*from the systems prohibitsthe formation
Ru(bpy^* by MV*+ and subsequent Hj evolution by ofthe reducedphotoproduct,MV+- orDQ*". Exami-
the reduced photoproduct,MV*% in the presence of nationof the systems prior to illumination showsthat
various metal catalysts has been studied extensively. NADHis formed throughthe biocatalyzed oxidation of
We havethus examineda general approach for dehy- the substrates. Table 3 summarizes the steady-state
drogenation of organic substrates (eq. 13) using a concentrations ofNADH(followedatÄ. = 340nm)pro-
photosensitized regeneration process ofNAD*. duced in the presence ofthe various substrates. These

*
,

,. results allow us to suggest the cyclic process outlined inS ri ^+ iHj U-*> p-^ J2as the mechanismfor the reduction ofMV*+ or
The systems are composed of an aqueous solution DQ** through the photosensitized oxidative regen-

that includes Ru(bpy^* as photosensitizer, MV*+ or eration of the NAD* cofiictor. In this cycle NADHis

Table 3. QuantumYields for f. Evolution and Turnover Numbers of Com-
ponents in the Different Systems

Substme <!>Hj [NADH), M TN^mt
(steady state)

Ethanol
/i-Propanol
Lactic Acid
L-Alanine

2.5 X 10"'
1.5 X 10-'
0.9 X 10"'
0.4XI0-'

12.5 X 10~*
8.6 X 10"*
7.3 X 10-*
6.7 x 10"*

7.8
3.2
1.3
1.5

12500*
5100*

24500*
57000*

* Light intensity 7.1 X 10"' einsteins mia~' -liter-'.
* Alcohol dehydrogenase,FW83300; Ehrenberg,A.; DalzieL K. /4ct
Scarf., 1958,12:65.

Lactic denydrogenase,FW 140000; Jaenida, R^ Knof, S. ar. J.
1968, * 157.
* L-Alanine dehydrogenase, FWa 228000; Yoshida, A4 Freese, E.

1964,92: 33.

and Tffner//>/KWocAraca//y/
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Fig. 12. Cyclic H, evolution from substrates, mediated by
NADH.

formedby the biocatalyzed oxidation of the substrate.
Oxidative quenching of the excited pbotosensitizer
results in MV+' orDQ+" and Ru(bpy)f"*". The oxidized
photosensitizer oxidizes NADHand consequentlythe
oxidizedcofactor, and the light-active compoundsare

regeneratedfor subsequentcycles.
Introduction of a Pt colloid, stabilizedby citrate,

results in the evolution ofhydrogen.The reducedpho-
toproducts, MV+" orDQ*' mediateHjevolution in the
presenceof the noble metal colloid (Fig. 12). The rates
ofHievolutionfromthe differentsystems are displayed
in Hg. 13. Thequantum yieldsforH,evolution and the

ZOO

too 200

TIME [min]
300

Fig. 13. Yiekisof Hievotaaom&omthe various systems as a

function of illumination time, (a) Ethanolas substrate, 3.5 X
10-' M; (b> Propaaot, 2.5 X 10"' M; <c) Lactic acid, 1.0X
I0-' M; (d)Alanine 1.8 X 10"' M. la all systems Ru(bpy)J+,
1.0 X 10"* M is used as sensitizerand NAD*, 1.2X 10"' M.
For systems (a), (b), and (d) MV**, 1.4 X 10~' M is the
electron acceptor. Forsystem (c), DQ*\ 5X HT*M isused as

electron acceptor.

turnover numbersof the enzymesandNAD* aregiven
in Table 3. It can be seen that the quantum yield for
hydrogen formationdepends on the steady-state con-
centration ofNADH that is produced by the substrate
and the corresponding enzyme. As the amount of
NADH increases, the H, evolution yield is improved.
This result can be explained in terms of a competitive
reaction that occurs in the system. The recombination
of the primary electron-transfer products (eq. 14) is
thermodynamicallyfavored and proceeds witha difiu-
sion-controUed rate constant (A^ 2X 10*M-'-s~').
This back electron-transferprocess leads to the net
destruction of the photo-products. The electron donor
competes with MV*" for the oxidized photoproduct,
Ru(bpy)3* (eq. 15). Therefore, as the steady-statecon-
centration of NADH is higher, the scavengingof the
oxidized photoproduct Ru(bpy^ by the reduced
cofactor is improved. Consequently,the effectiveness
ofMV+" formation and subsequent H, evolution are

improvedat higher concentrations ofNADH.

Ru(bpy)r Ru(bpy)f + (14)

2Ru(bpy)3+ +NADH 2Ru(bpy)|* +NAD+ + H*
(15)

Table 3 reveals that the enzymesand cofaetors are

effectively recycled in the various systems that lead to
Hj evolution. The use ofDQ** as electron acceptorin
the system with lactic acid as substrate needs further
elaboration. The biocatalyzed oxidation of lactic acid
byNAD*proceeds atpH - 8.5. Undertheseconditions,
the thermodynamic potential for Hj evolution corre-
spends to*- -0.51 V. The reduced relay, MV+-,is
thermodynamicallynot capable of effecting hydrogen
production, ^MV+7MV*+)- -0.42V. Neverthe-
less, the reduced electron acceptor, DQ*', meets the
thermodynamic requirements, ^(DQ*'/DQ*''')
0.65V, and therefore is used as the electron relay
wiA lactic acid as substrate.
The oxidation products of the various substrates

formed concomitantlywith H, evolution have been
identified. Ethanolaad propanol are oxidized to acet-

aldehyde and proptonaldehyde,respectively (eq. 16);
lactic acid is oxidized to pyravie acid (eq. 17); and
alanine is oxidatively deaminated to pyruvic acid

(eq, 18). The thermodynamicbalance ofthese processes
reveals that oxidation of ethanol and propanol is
endoergk by ca. lOkcal-mol"', that of lactic acid
by ca. lOkcal-moI"', and that of alanine by ca.

14kcal-mol"'.

29 7989
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RCHzOH-RCHO+ Hj, R-CH^CHjCHj- (16)
OH O

! S
CHj-CHCOjH-CHCCOzH+ H (17)

O

CH3-CHCO2HCHjCCO,H+ H2 + NH+ ( 18)
I
NH,

so,.

MID(PJif Co/&ctory{/xtn?a Homogeneous

The reductiveregeneration ofNAD(P)Hcofactors
has been accomplished by using an artificial charge
carrier (MV+") that mediates the reductionofNAD*
andNADP* cofactors in the presence ofthe enzymes
IipDH andFDR, respectively.One ofourgoalswasthe
attempt to substitute for the natural biocatalystsam-
Sal homogeneous catalyststhat **" simultaneously
participate in a photochemical one-electron transfer

process and subsequentlygenerate anintermediate spe-
des capable of reducing these cofactors. Since the

NAD(P)H cofactors are two-electron hydrido reduc-
tants, it seems reasonabletospeculatethat the homo-

geneous catalyst should exhibit a hydride structure

capable oftransporting an equivalent oftwo electrons
and a proton (a hydride) to the cofactors. Thus, the

strategy for the selection ofsuch a homogeneouscat-

alyst involves the search fora transition-metal complex
that is reduced by one-electron transfer processes, is

capable of acting as a two-electron charge relay
(through rapid disproportionation of the single dec-
tron-transferproduct), and is subsequentlycapable of

generating a hydride intermediate. Inadditionto diese
criteria,the catalystshouldoperate inaqueousmediato
allow subsequent biocatalyzed transformtwith
the reduced cofactors. Rhodium complexes exhibit
such properties* where the Rh(II) oxidation state

undergoes rapid disproportionation, and Rh(O) or

Rh(I) oxidation states generate hydride specks.
Recently, we applied RhC3(dpm)i~ (4) as a

homogeneous catalyst tor the photoinduced hydro-
genation and hydrofonnyiation of unsaturatedsub-
strates in aqueousmedia." This process proceeds, pre-

sumably, through the intermediate formation of a

hydriderhodium species. Thus, we attempted apply-
ing this catalyst for the regeneration ofNAD(P)H co-

factors.
The NAD(P)H regeneration system is composedof

an aqueous solution that includes Ru(bpy)f* asphoto-

O-p
ciRhmi,

L so,-

so,

sensitizer, ascorbate as electron donor, the rhodium

catalyst, RhQ(dpm)^~,and either the oxidized cofactor
NAD* or NADP+. Illumination of either ofthe two

systems results in the formation of the reduced

NAD(P)H cofactors (followed at JL 340 nm). The

quantumyields forNADHandNADPH formationare
equal, f 5 X 10~\ Controlexperiments reveal that

the catalyst, RhQ(dpm)|~, is essentialto mediatethe
reduction of the NAD(P)H cofactors. Also, fluors-

cence-quenchingstudies showthatthe catalyst doesnot
interact with the photoexcited species, *Ru(bpy^*,
formed in the system. Since the excited photosensitizer
is reductively quenched byascorbate and,in analogyto
the participation of RhQ(dpm)|~ in the photosen-
sitized hydrogen evolution/* hydrognation, and

hydrofonnyiation^' processes, we can formulate the

sequence of reactions outlined in eqs. 19-23 as the
mechanisticroute forthe regeneration ofthe NAD(P)H
cofactors.

*Ru<bpy)
*Ru(bpy)f++ HA"

Rh(I)HCl(dpra-
Rh(I)HCKdpm)

(19)

Ru(bpy)+ +HA (20)
- + H+

Ru(bpy)*+Rh(IDHa(dpm)|- (21)

- +H* (22)

(23)

Attemptstocouplethephotosensitized regeneration
system ofNADHwith the homogeneous Rh(I)Q(dpm)|~
catalyst to subsequentNADH-dependent biotransfor-
mations have been initiated. Surprisingly,coupling of
various substrates and the respective enzymes, e.g.,
pyravic add and iactate dehydrogenase, to the photo-
sensitized NADHregeneration system results in only
low conversion yields. A detailed examination of the

biocatalysts in the presence of the artificial catalyst
reveals thatmostofthe enzymesare strongly inhibited

by the free ligand, (dpm). Thus, ligand dissociationof
the homogeneouscatalyst or its intermediate species
presumably deactivates the variousenzymes.To over-

WZ&ier/.PotocAemaffy
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come this limitation, low concentrations ofthe artifi-
rial catalyst, RhCl(dpm)i-,(6.5 X 10"* M), have been
applied in the photosensitized regeneration ofNADH
and the system coupled to the reduction ofacetalde-
hyde using alcohol dehydrogenase, as biocatalyst.
Under these conditions, ethanol is formedefficiently.
Figure 14 shows the rate of ethanol formation in the
system as a function of illumination time. The initial
rate ofethanol formation correspondsto 1.5 mM-h"',
and after ca. ten hours of illumination, 65% ofthe
original substrate was converted to product. The total
turnover numbers were 180 for Rh(dpm^~, 39 for
NADH, and 1740 for AlcDH. It is evident that the
artificial catalyst, cofactor, and coupled enzyme are

efficiently recycled in the system.
'

100

Hg. 14. Rate of photoinduced conversionofacetaldehydeto
ethanol, usingtheNADHcofactor.

Wethussee that artificialhomogeneouscatalysts can

be designed for the regeneration ofnatural NAD(P)H
cofactors. Nevertheless, loading the systems with arti-
ficial components affects the activity of the coupled
biocatalysts.In the present systemthe free ligand,dpm,
deactivates roost of the enzymes. The advantagesof
using artificial catalystsfor regeneration ofNAD(P)H
cofactors are obvious. Further development of other
homogeneous catalysts is an encouragingapproach to

pursue.

CONCLUSIONS
We have describeddifferent approachesfor reductive
and oxidative regeneration of NAD(P)*/NAD(P)H
cofactors. Thereductive photoinduced regeneration of
NAD(P)Hhasbeen accomplished byusing enzymes or

an artificial homogeneous catalyst as catalyst for the
generation of the two-electron hydrido charge relays
(NAD(P)H). The primary photochemical electron-
transferreactions that lead to the reducedcofactorscan

be designed through an oxidative quenching mecha-
nismoralternativelybya reductive quenchingprocess.
It is important to examine the interactions of the
reduced cofactor with the excited photosensitizer or

any oxidized photoproduct formed in the electron-
transfer process. In our systems we have shown that
NADH acts as electron donor for excited Ru(bpz)f+
and is reoxidized by Ru(bpy)|*.These processes elim-
inatethe possibility oftheirapplication in the reductive
regeneration ofNADH. Substitution ofbiocataiystsby
homogeneousartificialcatalysts, although attractive, is
not free of limitations. ligand dissociation of transi-
tion-metal complexes is likely to introduce inhibition
effects on enzymes (as revealed in the present study)
and,consequently, introduces difficultiesin subsequent
coupling of the regenerated cofactor in biotransforma-
tions.

The oxidative regeneration of the NAD* cofactor
anditsapplication in the endoergicdehydrogenationof
various substratesis ofspecialinterest. Solar-generated
hydrogen is considered a fuelofthe future. The reverse

hydrognation ofvarious oxidizedproducts, eg., acet-

aldehyde, is a feasible exothermic process. In view of
the occurrence of various of these substrates, e.g., eth-

anoUas biomass products, futureapplicationsofphoto-
sensitizedNAD*-regeneration cycks in hydrogen fuel
productionsystemscanbe envisaged.
The use of enzymesin various biotransformations

finds broad industrial applicabilitytoday. The novel
approach ofcombining solar light energyandenzymes
in the regeneration ofNAD(P)H cofactorssuggests that

regeneration of other cofactors, e.g^ ATP, could be
drivenby similar means. The advantage ofusing light
energy in the rgnrationofcofactors is obvious as

endoergic processes couldbe driven. Numerous,novel
biotechnological applications can be envisaged by
coupling solar light energy and biocataiysts. Future
developments that involve improved stability and
effectiveness of the systems and immobilization of
these complex assemblies to solidmatrices are essential
for further progress.
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photoinducedEnzyme-CatalyzedReduction of Nitrate
(NOf) and Nitrite (NOj~) to Ammonia (NH3)
Itamar Willner.* Noa Lapidot, and Azalia Riklin

7"A C/juoersiry o/Verttra/em

Äecew/.Se-premer 25.

The reduction of nitrate is of broad interest as a means of
mimicking reduction processes of oxido-nitrogen substrates in
nature and of developing novel nitrogen fixation systems.' Re-
auction of nitrate to nitrite (eq 1) is catalyzed in nature by the

NO,"+ 2e" + 2H+ NOj- + HjO

NOf+ 6e- + 8H+ NH* + 2HjO

NO," + 8e" + 10H* + 3HjO

(1)

(2)

(3)
enzyme nitrate reductase.* Reduction of nitrite to ammonia(asammoniumions) (eq 2) is catalyzedin natureby die enzyme nitritertductase.^-* Substantialefforts are directed toward the reduction
of MO3" by electrochemical and photochemical means. Hec-
trochemicalreduction ofNO,"has been accomplished byusingcatalytic material electrodes/ modified electrodes,* or in the
presenceofhomogeneous catalysts** such as Co(III) or Ni(II)cyclams. Ru(II) bipyridineor Fe(nr) porpnyrin. Photosensitizedredi:---:Ion of NOj~ to NOj" has been reported by using iV-
metinIphenothiaztne or xVuV-tetramethyibenzidine,*and reduction
to ammoniawas reported to occur at Pd-TiOi illuminatedsus-pensions.' Wehaverecentlyapplied enzymesas biocatalysts fortf photosensitized regeaeratioa of NAD(P)H cofectors"^'andperformed various biotransformations through photochemicalmeans.'* Here we wish to report on the photoinduced reductionofNOj"to ammoniausing the two enzymesnitrate redoctaseandnitrite reductase as catalysts and pbotogenerated

1 Chatt. J.: Dilwortii. J. R_; Ricüardi.R. L. Cten- Ä.1978. 7S,S-
. ~. Holm,R_a C*.Ä. 1987.7.1401. (c) Uegama. tt; Fukase.H-: Hiroalcizaima; Kishida. S-; Nakamura. A. X jWbi. Co/. 1987. , 141.C) (a) Payai W.X Anmd Jte. 1973.J7.409. (b) Adams.M.W.W4Monenswn. L. E. la ,tfo/y<Wnun frmo:Spiro, T. a, ELi Joha WTtey*Sors: [985.

(3) Losada. M. J. /. i/<rf. Offia/. 1975. /. 245.(4) (a) Horanyi. G4 Rizmayer,E. M../. /eoroano/.Cftem. /fo/acio/PocAfi,.I98S. />. 265. (b) Li. H.U Robertson. D. HU Chanibets.i-Q- HoMs. D. T. /. /irocAm.Soc. 1988. /5. 1154. (c) Hcher. D^"rabefi. Z. ftetrooHm. /tea 1979. 2*. 1253.(5> fdwabata.S4Ueaum.S^ Tanaka, UTanaka, T. &j: Owit198,
(6) (a) Moyer. a A^ Meyer. T. J. /. ^m. Cton. 5bc 1979. /0/. 1326.I? Tanignchi. U NafcaiWaa.N4 YaMtood.K. /. C*e.Sot. Oiem.'**"n 198. 1814.
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,
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Figure 1. Rates of products formation as a functionofilluminationdine.In ail systems [Ru(bpy),^I = 7.4X 1<T* M, [Na^EDTA!- <X02 M. (a)(A) NOi" formation, pH 7.0, Tris buffer 0.1 M. [MV**] - 3J X 10"*M, [NOrl = 9^ X 10T M, nitrate redactasc 0.2 U. (b) <O) NH,*fiwmation,pH 8.0, Tris baffer 0.1 M. fMV^ = 4.2 x 10" M. [NOj~]0.01 M, nitrite reductase 0.06 U.

250

Figure 2. NO2"and NH** concentrationsin the combinedsystem, as afunctionof UluminaDOnrime, (a) (O) NH*. (b)(a) NO,". pH s 8ATris baffer 0.1 M, [Ra(bpy),**J - 7.4 X HT M. fN*iEBTA} - OUM. [MV**] 4.2 X Iff"! M. [NOj"]* 0J> M.nitrate reductase l J) U,nitrite reductase 0_35 U.

methyl-4,4'-bipyridiniumradical cation, viologen radical, MV**,that act as anelectron carrier and is recognizedby the biocata-lysts."
Illumination(X > 420am) of an aqueous 0.05 M phosphatebuffer solution. pH - 7-0, that includes Ru(II) tris-bipyridine,Ru(bpy)j^,as photosensitizer, 7.4 x 10~* M. jvyv'-dimethyl-4,4'-oipyridimum.MV*V3-2 X 10"* M, as etearon relay,EDTA,0.02 M, as sacrificial electron donor, NOf, 9^ X 1CT" M, and

the enzyme nitrate reductase(E.C 1^.6.1 from Eschericfaia coli),0.2 units, results in the reductionofNOj" to nitrite (eq 1). TherateofNO;" formation'* at time intervals ofilliiminarionis shown
in Figure la. Thequantum yield ofN0fformationcorrespondsto* = 0.08. After310 minofaiumination,ca.60% ofthe originalNOj"was converted to nitrite. The initial rate ofNO^"formationis 0.07 Amol-min"'. Illumination(X > 420 nm)of an aqueousbuffersolution. pH = 8.0. thatindudesRu<b^),"",7.4 X 10"*
M. MV",4^ x 10-* M, as dectroa carrier. EDTA,0.02 M. as

(13) (üang. H4Kuan. S. Su; Guiftoit.G.G.^<rf.aem. 1978.JO, 1319.(14) Nitrite was analyzed bjr two eomptenemary methods; ion chroma-
tography(VYDAC302ICaniooexdangecolumn. 2 X 10"' M pöttalic aeü,pH 5.0 as eluent) and by a spectrometric method, basedon dislocation ofsnlfanilamideand coupling with AKiert-aapiitayt)etlsyleaedtainine hydro-chloride. Cf.Sneil.F. D4 SneiL C T. CbZonwrncMetAorf o^^jo/yj: D-Van Nourand Companr Ne York. 1949; p 804.
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Table I. Turnover Numbers for Components' Involved in toe
Photosensitized Reductionof NOf and NOfwAmmonia

nitrate*
reductase

nitrite*
reductase

NOf reduction* 80
NOf reduction' 38.5
combined system* 32

18-5 6.2 x 10*
7
6 9 x 10*

2.4 x 10*
2.1 x 10*

Turnover number (TN) is defined as TN * mol of product
formed/mol of component. *60% conversion of NOf to NOf.
'28.5% conversion of NOf to NH/. *23-8% convernon of NOf to
NH/. 'Molecular weight of nitrate reductase and nitrite reductase
was estimated as 200000 cf. ref 2b.

NOj"

Figure 3.
NH/. a

Mil/
Scheme for btocataiyxed sequential reduction of NOf to
= nitratereductase, b nitrite reductase.

sacrificial electron dos', NOf, 0.01 M, and the enzyme nitrite
reductase(E.C. 1.6.6.4), 0.06 units, isolated fromspinachleaves,"
results in the formation of ammonia. The rate of ammonia
formation'*at time intervalsofillumination is displayedin Figure
1b. The quantum yield of ammonia formation is < = 0.06.
Control experiments reveal that all components in the twosystems
are required to effect the reductionofNOfor NCV, respectively.
Also, no reductionofNOj"OT NO," takes place in the two systems
in the dark. Exclusion ofthe enzymes nitrate reductaseor nitrite
reductase fromthe respective systems results in the formation of
MV**. Additionof the enzymes to the respectivesystems that
incfude NO," or NOfand photogenerated MV** results in the
depletionof MV** and reductionofNOfto nitriteor of NOj"
to ammonia,respectively.

Illumination (X > 420 mo) of a pbotosystem that includes
Ru(bpy)j**\ 7.4 x 1Q-* M, as photoseasiazer,MV**,4.2 x 10"*
M, as electron relay, EDTA,0.02 M, the substrate nitrate,and
the two enzymes nitrate reductase, 1.0 units, and nitrite reductase,
0.3S units, results in the reduction ofNOf to ammonia(eq 3)
through the intermediate formation of nitrite. The rate of am-
monia formationin this system is shownin Figure 2a, and curve
2bshowsthe amount ofNOfthat is present in thesystem at time
intervals of illumination. It is evident thatonly after a concen-
tration ofNOf that corresponds to 3 X 10"' M is formed, am-
monia is effectively produced. During the illumination, no MV*
is accumulatedin the system. This suggests that the route ofNOf
and ammonia formation is limited by the photochemical process
thatgenerates MV**. The quantumyield of ammoniaformation
in the system that includes the two enzymes corresponds to 0 =

0.08. Table I summarizesthe turnover numbers ofthe various
components in the different systems. It is evident that the com-
ponents are recycled duringthe reductionofNOfand NOfand
that the enzymes exhibit stability in the artificialmedia. Figure
3 represents the schematic sequential cycle that leads to the
reductionofNOfto ammoniathrough nitrite as an intermediate.
The photoinduced electron-transfer process generatesMV**that
acts as electron carrier for the two enzymes.
The primary step involves the reductionofNOf to nitritein

the presence of nitrate reductase. The latter photoproduct acts
as substrate for theenzymenitrite reductase that mediates the
reduction of NOfto ammonia. The relatively high quantum
yields for NOj" or ammoniaformation are noteworthy. These

(J5> Ho, C- H^ Tamara, G. -4grie. tet Cton. 973. /7. 37.
(16) Ammoniumwas analyzed by ion chromatography (Wescao cation

changecommit. 3 x 10"* M nitric acid as eluem).

originate from effective charge separationof MV** in the photosensitized electron-transfer process and the subsequent com-ptementary dark reduction" of MV** by the oxidation productof the sacrificialelectron donor, EDTA.
We thusdescribe the light driven reductionofNOfto ammonia

using an artificial pbotosystem and two biocatalysts. Further
experimentsto immobilize the enzymesand design oforganizes
assembliesfor this process are under way in our laboratory
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Tailored Semiconductor-Receptor Colloids: Improved
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ASSESS

ussemiconductor systems
are of much interest asa means of conveninglight to chemical
energy.'-* Either direct excitation of a semiconductor or a

photosensitizing dye, adsorbed on the particle surface, can activate
electron (or hole) transfer to solution species at the semi con-
duetor-üquidinterface. Surface recombination and back electron
(orhoie) transfer from solution spedes to dther the semiconductor
or the adsorbed dye molecule can lower the overall'yield of the
desired product(s) and thusthe conversionefficiency of lightto
chemical energy. Electrostatic interactions in colloidal semi-
conductor dispersions have bees utilized to control interfacial
electron transfer and to improve the quantumyield for H; evo-

lution from water.* Surface adsorptionof-cycfodextrin (/$-CD)
to sthtjotkIw**"^ colloids has been found* to improve the ~- .tes

for charge transfer from the pbotoexctted semiconductor to

electron acceptorsretained in the-CDcavity. -Cydodcxtrin
also served to stabilize the colloids against aggregation.
Dyesensitization ofa semiconductor affordsthe possibilityof

using sufo-baadgaplight and the electronic transport properties
of the semiconductor to effect chargeseparation. Both organic
dyes, suchas Rhodamine B, and transition-metal complexes have
been utilized as photosensitizers of widebandgap semiconductor
materials." Diffusion-limited charge transfer from the h

Nt. E4; AcademicPr New York. 1983. fl>) /tanogwM*^ "''"''
o^wourfftecocatofc*:Pefient E. Serpooe,N- Bfc D. ReMei P"^f
Co^ Dortredit.t6. (c) /AotocAomeo/Comwmoita/Sa*je/Sow
Swrjic Conno^. J. &. Et; Academ Presc New York. 1981-

(2) (a) Bart.A.J. Scteare 19W, a>7, 139. (b> GrttzeL M.^
Ret 1981, /4. 376.

(3) Frank. A. J- Wiltoer. L: Goren. Z; Degani. Y. /. -4-
1M7. f<?9. 358.
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figure I- Production of H> with irradiation time (X^ > 400 ma) foriqueous sautions (pH 1.3) of Pt-TiOj colloids [5% Pt on TiOj(w/w)}with .-
'

< 10"* M proflavindihydrogencklorideand 0.1 Mcysteine. Ini 5-iv.. ample, 2-mL headspace: carves a, Pt-TiO*--CD: b. Pt-TiO*-!>V-\; c-e, Pt-TiCy-CD with iV-octylpyridiniBinbromide,C.PySr. c 2.2X KT*MQPyBn4 4.4 x 10-' QPyBr;and e. 8.8 X 10"*M C.PyBr.
tocxcited dye molecule is generally inefficient, because ofthe shortlifetime of the excited state of the dye and competing reactions.Physical adsorptionofdye molecules to the semiconductorsurfaceby means ofhydrophobicor electrostatic interactions facilitateschargeinjection/ Molecularinteractions in dye aggregatescan,however, substantiallyquench electron transfer.* An effectiveapp.o2ch to dispersedye aggregates is to se cydodextrins(CD)to complex the dye monomer in tie CD cavity/ Formation ofinclusion complexesbetweencydodextrmandother molecules ismainly based onsize selectivity and hydrophobic interactions."'
(5Ha)Mer.H.XMyj.CSn. 1*65. <, 705. (b) Nemta. S4 Huhüd.Y. X /*jw. C&em. 1965. >. 724. (c) Genscher. H. In ryra/C&emäzrjr,4* W<fcoc< 7>*<rttK: Academic Press: Mew York. 1970: VoL DCA. (d)Tribuocfa.HuOiivin..Vf.y>Ao)eAm./Ao(o*tot1971.K95. (e) Memming.f^Tributsch.H.y. PA>j. CÄ. I97l.75,5(SZ (f) Fujishima. A4Wataaabe.T.; Taisuki. O.: Honda. K. CS*. left. 1975. 13.. (g) Gcrisciier, H. /fawo-c**m. /.toroAto/. 1975. /<f, 243. (h> Gleria. M4 Memming, R. Z. i*?*.Ofrr.. vrtMo*) 1975.*S. 303. () Haitffe. K. /**gr.5Ü.197. 20.i:- :. Tn*lHttsch.H.Z.iVaro3<&eft.<4 1977.iZ4.972. (k) Gfaxfa. P. K4Sp.ro.T.G.y.^m.C%em.ioc 1980,/02. 5543. (J) Memming. R. ^o^ Äi1980. /0/. 551. (m) Spider. M. T. X C&oj. fiftic. 1983. ÄJ. 33a (n)Kraftoan. M^ Zhang. X4Bud.A. J./. >4i. C&emLSoe. 1984./Of, 7371 andrfrences cited therein. (o> Alonso, N4 Befey,V. M4 Charier. P4 Era. V.Är. />Ayi. ^^/. 1981. /tf. 5. (p) Fox. M.-A. Is Topics i OgamSee-top:Fry. A. J-. Britton. W. E, Eds,-Plenum Press: NewYork. 1986.S M T Ci CX 7
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Figure 2. Representation of mechanism: Photoiitiated electrontransferfrom monomeric dye sensitizer, in cavity <rf 3-cyclodextrin (through conduction bandof semiconductor (CB) to catalyticPtsurfacesites, where Hj is evoived. The oxidized dye sensitizer is recycled byoxidationof electrondonor cysieine, Cys-H.
We initiatedthe research describedin this report to determinewhether modificationof the semiconductor parade surfacewith^-cydodextrin (j3-CD) wouldprovide an effective mjcroenviron-ment for both increasingthe number of surface sites for dye-semiconductor interaction and promotingphotosensitized Hievolution from water. The basic semiconductor system consistedof Pt-charged TO2-t3-CDcoiloids that were exposed to thephotoactivedye proflavin (3.6-dtaminoacrtdine)."OpticallytransparentTiCv-^-CDcolloids were prepared bystow hydrolysis of TiCI in an aqueous 1% (w/w) -CI> solutionatO'C Tieresulting colloidal solution (2 gL~*TQi;pHIJ)was stable for 9 months, the period of observation. TheTO3colloid was loaded with 5% Ptby weight by photoreduction ofH>PtCU. Hydrogen was analyzed on a gas Chromatographequipped with a thermal conductivitydetector, a 5Amolecularsievecolumn, and argon carrier gas. HIuminaBon(Xj,> 400 net)of the aqueous colloidal Pt-TtOj-^-CD solution (pH L8) con-taming proflavindihydrogen chloride" (5.1 X I0~* M) aad thesacrificial dectron donor cysteine (0.1 M) generatedHj, asshownin Figure la. Thequantum yield for Hi production in this systemwas 1.1 X 10~*. Omission ofeither the dye or the electron donoreliminated Hj production. Emission studies revealed that theexcited state of the dye was not quenched by either /?-CD orcysteine. Absorption and emission spectra indicated no dye ag-gregation at the concentrationof proflavin used. The emissionintensity of proflavin showed only a small increase (10%) inthe presence of /S-cydodextrin. implying that the phoiophysicalproperties of the dye werenot altered appreciablyby the /3-CDreceptor. In the absence of TiOj, illumination of^-CD-coveredPt coiloids with proflavin and cysteine produced only tracequantities of Hj. These studies suggest that Hievolution involveselectron transfer from the photoexcited dye through the conductionbandofTiOj to catalytic Pt surfacesites, as portrayed in Figure

Todetermine the role of the -CD mokcufe on photosensitizedH; production, a comparative study was madeof Pt-TiOj-^-CDandPt-TiOiCoiloids;the latter wasstabilized against aggregationwith poly(vitiyl alcohol) PVA (14000 MW). Figure lb snowsthe photoproduction of Hi in the Pt-TtOj-PVAsystem (5%Pt/TFO* w/w)with proflavin (5.1 X 10^ M) and cysteine (0.1M). The quantum yield for H; productionin this system was 4x I<T*, which is a factw of three less than that of the Pt-TiOi-)3-CDsystem. The relatively large quantumyield of thePt-TtOrr-CDsystem for Hj productioncorrelates,k part, withan enhanced dye concentration on thesemiconductor surface. Bya flow dialysis technique,'* 2.5 times more proflavin was foundto be associatedwith TiOj--CD colloids thaawith TiOj-PVAcolloids. The photolysis and flow dialysis experiments suggestthat the presence of toe-CDreceptoreffects an increase in thenumber ofdye-semiconductor interactive sites, leading to an im-

periments with proflavin. see: (a) Katyaatsao-
. CArr. 1980. <W. 2551. (h) Pileni. M. P.;

(H) Far pootopnyska
daram, K4 Dung. D. X yGdceeU M. X /y, dem. 1980.*f. 2402.(12) (a)Ramoi,S4Schuldmer.S4KabacicH. R.X^. 197. 7i. 1892. (b) Laane. C; Willner. I.: Otvos. j. W.: Caivin. M./ 5 ^J. 1981. 7.8. 592S.
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provement in the quantum conversion efficiency for electrontransfer from proflavin to TiOj. The association of the dye with-CD involves the uptake of the dye monomerinto the CD cavity.The association constantAof proflavin withß-CD at pH 1.8 was
determinedspectrophotometricallyto be 550 60 M~', corre-
spondingto the reaction

Schemel

dye + 0-CD;=i [dye-0-CDJ (1)
Further evidence that the association of proflavin with -CDimproves the efficiency of electron injection fromthe dye molecule

to TiOj came from studies involving A'-octylpyridiniumbromide,CgPyBr. The ./V-octyipyridinium cation (QPy*) has a high as-
sociation constant(^ = 870 120 M~*) for 0-CDand is expected
to impede the diffusion of proflavin into theCD cavity. Curves
c-e of Figure 1 show that as the concentration ofQPy* increases,the yield and rate of Hi productiondecrease, indicating a decline
in thequantumconversionefficiency for charge transfer fromthe
excited state of proflavin to TO2- At the highest concentration
of C,Py* (8.8 X ICT* M), the rateof Hj production was com-
parable to that of the Pt-TiOr-PVAsystem. Addition ofC^Py*to the Pt-TiOj-PVA system had no effect on the rate of H2evolution, suggestingthat C,Py* blocked theinclusion of the dyemolecule into the cavity of -CD. These studies dearly implythat the photosensitizationefficiency for charge injection fromproflavinto TiO> is improvedbythe association of the dye mo-
nomerwith the^CDreceptor on the surface ofthesemiconductor
particles.

In conclusion,the utilityof 0-cydodextrin for enhancing dyesensitization of semiconductors aas been demonstrated. The
/S-cyclodextrin molecule offers a unique microcnvironment for
augmenting the numberof surfacesites for dye-semiconductor
interaction and for promoting charge injection fromphotoexdted
dye molecules to the semiconductor. Further characterization of
cyclodextrin complexeswith other dye systems is'in progress.
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Cyclizationsof Ene Radicals. Iimdoyl Radicalsas
Intermediates in the Synthesisof Heterocyclic
Compounds
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The constructionofcydic systems through the intramolecular
addition ofcarbon centered free radicals mcarbon-carbon multiplebonds is well documented.' A convenient method ft- the site-
specific generation of carbon-centered free radicate involves the
chemospecific homolysis ofa C-hatogea, C-SorC-Sebond bytrialkyitinradicals generatedfromthe correspondingtin hydrides?The tin hydride induced free radical cydizationsare not restricted
to alkyl radical intermediates.Stork has introduced^the use of
vinyl radicals in synthesis and wehave shown* that alkoxycarbonyi

(1 ) Reviews: (a) Surzur. J.-M. la Äou*/rmet&na:Abramovttch.
A.R,Bt: Plenum Press: New York. 1*82:VoL2. p 121. (b) Hart, D. J.Srncr1984. 22J. 883. (c) Gtese. B. Ao^tcofr In Organic 5>mAcac for-
mmio/i 0/ GarÄon-Oxrion Aaodf; Pergamon Prts: Oxford. 1986. (d)Ramaiah.M.7etrow>1987,4J. 3541. (e) Curran. D. P. 5>tet I98S,7. 489.

{2} Neumann, W. P. S>/tf*em 1987. 665.
(3) Stork. G_: Bain. N. H. /. /. OolSot 1982. 704. 2321. Stork.G4 Moot R. 7. y4m. CAem. So<-. 1987. /09. 2829 and reference died therein.
(4) Bachi. M. D-: Bosch. E. rA^/-<viLi. 198. 27. 641.
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radicals are excellent intermediates in a general synthesis ofa-alkylidene-T-lactones. These results*prompted us to investigatethe potential that othercarbon-centeredene radicals.isodecn---icwith vinyl and carbonyl radicals, may have as intermedia m
the synthesisoffuncDonaiiztdcydic compounds. Herein wereport
on preliminaryresults that illustratethe employmentof imidoyiradicals, as intermediatesin the synthesis of cydic kctones and
polyheterocydic compounds.

Thisnewmethodfor ring formationis basedon the trwi-butyitnhydride (TBTH) induced generationofthe imidoyi radical, fol-
lowed by its intramolecular addition toa suitably positioned doublebondas outlined in Scheme L' Wereasoned that imidoyiradicalsoftype 1 may cydize to radicals 2, which carry an exocydiciminc
group. Direct hydrogen transfer to 2 wouldgiveas imine 3 that
could behydroiizedto a cyclic ketone 4. In this transfonr-aiion
the imidoyi radical performs as a syntheticequivalent to the
carbonyl radical. However, if the R moiety in Z would bear a
radical trapping functionality a second cydization, to acompoundof type 5, may occur. ThefoUowing preliminary results (Schemesn-IV) provethevalidityof these hypotheses. Asstarting materials
we used the selcnoimidates6,11, and 12and the thioamides IS
and 207 Under standardconditionsstarting material(1 mmol),TBTH (1.15 mmol).andAIBN (0.15 mmol)were heated (110"C) in dry degased toluene for 3-6 h (tie).
Treatmentof selenoimidate 6 with TBTH under standard

conditions followed by aqueousworkup affordednitrile8 (SS'-I)
and chromanone10 (50%) (Scheme II). Although the generationof imidoyi radical 7 is quantitativecyciizatton to imine 9 is ac-
companied by fragmentation into nitrile S and benzyl radical.
When the benzylgroupofthe starting materialwassubstituted
by a tower alkyl group only chromanone 10 was obtained. Adifferent reaction coursewas observed when jV-aryi selenoitnidatcs
were used. Thus, iV-toiyi derivative II afforded a poiycydic
compound 15 (R = Ph).* Oxidation byDDQresulted in the loss
of two hydrogen atoms and the formation of diromanoquinolincId (84%from II). Similarlycompound12 was converted Into

(5) Foradditional 1 nptes see: (a) Marino. N.N^ Ramanathaa.() . ^
R rraA*xiea. 1983, i< 1871. (b) Padwa, A4I^raae^cra. H^ Won*.
G. S.K./.Oj.Ca*m. 198$.J5, 5620. (c> HanessiaB,Si Beauiieu. P^Dobe.
D- rmiAiro<i Lnr. 1986, 27.5071. (d) Urabe, H4Kowaziraa. I- T-
A*oa i. 19M. Z7,1355. (*) Bedcwwh.A. J. UQ-Skea. >. M. rt-
Aa2Vmteri.1986.77.4S2S.(I) Knight, J^ Parsons, P.J^ Soathgate. R. /-
CbiR.^K, Ourm. mma. 1986. 78. (g) Deidoc P.;TaUhan. C: Zanl.
S.Z.7. Oion-Axr^CSem-ujmrnjoi.1988.308. (h)Crkh. D4Forth.S. M-
7etmAo&iii.1988.29. 2585. (i) Boger, D. U Robarge. K. D. /. Or-
Cfe. 1988.5^. 3377. (j) Coweney, 0. J^ Patel. V. F^ PaiusKlen.t r*f-
m*frf^. 1987.2S, 5949. (k) BachiM. D.: Bosch. E. Hronr/. m
press. (I) Bachi. M. D-: Deneatark.D. /fero<yc;. in press.(6) For different reaction* involving imidoyi radial intermediates ;'Bam. D. H. R^Br^mai. G^ LaHMtte. GuMotherwett, B^MotlB^;R. S. H^ Porter. A. E. A. 7. CSn.Ä>c,>Vr*r. Tnne./1980.2657- (
John, D- L; Tyrrd. N. D-Thoas. E- J. J. CAn. Soc_ Cfcem. Cw^-1981. 901. (c) Leanßni R^Nanm. D^ Pedulli. G. F^ Tai^o. A4 Zao<^
G.-f.C&*m. .Sac. J"W*.7>r./ 1986.1591. (d) Wkti.Ti Rnchardt. *
C CS*o 1988. . 230.

(7) All compounds gave analytical data coaststeai with the
structura.

(8) For completionthis reaction required t.6eattivofTBTH
of AIBN. and beating for 12 h.
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PhotosensitizedElectron-Transfer
Reactionsin SupramolecularAssemblies

Scope and PotentialApplicationsof Supramolecular
PhotochemicalAssemblies

Photochemistryat the molecular level is one of the fundamental subjects in
modern chemistry. During the past two decades, substantial progress has been
madeboth in the development of theories about photochemicalprocesses and in
the analysis of the photophysical properties and photoreactivity of excitedspe-
cies. A new, rapidly developing area involvesthe characterization of photochemi-
cal systems beyond the molecular level, or supra/no/ecu/ar ^AorocAema/asrem-
Wies (SPAs)[I]. Asupramolecularphotochemicalassemblyis an organized micro-
environmentdesignedto performa certain function following initiation by light
energy. The construction of SPAs involves tailored linkage of several units de-
signed to operate sequentially in performingthe desiredfunction.The organized
assemblyshows performancesuperior to any random distribution of the compo-
nents includedin the supramolecular structure; in fact, the desired result may be

impossible to achieve in the absenceof the tailored configuration. A supramole-
cular structure can be designed on a molecular- or macromolecttlar-interfacialba-
sis. The several schematicsystems in Figure 1-1 illustrate the SPA conceptand
show the scientific and practical importanceof suchconfigurations.The natural

photosynthetic apparatus represents a uniquely organized environmentin which
light energy is transformedinto an electrical potentialby meansofa primarypho-
toinduced electron-transfer process. The microstrucrure of the photosynthetic
membrane induces vectorial electron-transfer via an organized chain of electron

acceptors (relays) that tunnel the ejected electron, and it also assures effective
physical separation ofcharges in the resulting photoproducts [2, 3J. Several func-
tions ofthe photosynthetic apparatus can be duplicatedbysupramolecularassem-
blies. Figure 1-1A shows an assembly design composedof a light-harnessing
componentS linked to a series of electron acceptors A1-A3. Followingphotoin-
duced electron transfer to the primary electron acceptor,the ejected electron is
rapidly tunneledalongthe entire series ofacceptorsprovided,ofcourse, thatthe

relay componentsare arranged in a configuration consistent with downhillelec-
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Figur* 1-1. (A) Vectorielelectron transfer in a phoioen5lilior-cpior(l)-ocpior(J)SPA (left); and
electron Ironifet In a random phoioseniiliter-electronrelay photosyslem (right). (B) Veetorialelectron
transfer in a (riaU donor-phoioscnsiliicr-electton acceptor SPA (left), and pholoinduced electron Irans-
fer in random donor, pholosensilUcr, acceptor system (right).

Iron transport.This process retards primary degradalive back-electrotransfer or
the primary phoioproducts also achieving spatial separation of the photopro-
ducts. For comparison,a randomdistributionofthe assembly components is illus-
(rated at (he right of Figure IIA. Here, back-electron transfer of the primary
photoproductspredominates, and charge separation is absent. An SPA composed
of a photosensitizer and a series of acceptors can be regarded as a molecularpho-
toactivated conductingwire.

Figure I-1Ddepicts an alternative SPAconfiguration that duplicates functions
of the phoiosymheticapparatus. The assembly is composed of a triad structure,
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wilh a photosensitizer linked to acceptor (A) and electron donor (D) units. Exci-
talion of (he photosensitizer results in electron transfer to the relay component
followed by electron transport from the donor unit to the oxidized photosensiiiz-
er. The synchronoustransport of electrons produces spatiallyseparated photopro-
ducts, and the assembly constitutesa device for pumping electrons by photochem-
ical means (photopump). In a non-organizedassembly (Figure 1-1D, right), back-
electron transfer of the primary photoproductsagain predominates, and charge
separation is eliminated. Various ingenious molecularD-S-A assemblies have al-
ready been synthesized (4-6). The linked triad porphyrin-quinoneassemblies 1
and 2 as well as the phenolhiazine-Ru(H)-polypyridine-diquat structure((Ru(Me-
bpy-PTZMMe-bpy-DQ'*)]'*)3 are examples of D-S-A assemblies. Excitation of
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Figur 1-2. (A) Control of vectorlal photosensitized electron-transfer reoctloni la mlcrohetcrojen-
eoui lystem Ihrough electrotlatie interaction. Repulsive interactions an indicated by =-. (0) Compel!-
live reaction operative in a non-organized phutosensiliied electron-transfer process.

the porphyrin site in I results in formation of the porphyrin-quinoneion pair,
D-pt.Qr, which rapidly decays through intramolecular electron transfer to the

amine-quinone ion pair Dt-S-Q~ (& 1.4x I0"s~'). The latter spatiallysepa-
rated ion pair has a lifetime of 2.45 us. Exclusion of the amine componentfrom
the triad structure results only in the primary pholoproductsPQ", with a life-
lime of 180 picoseconds. Thus, the lifetime of the electron transfer products is
substantiallyincreased by the spatial separation provided by the macromolecular,
multifunctional structure(4).

Control features can be incorporated into the photosensitized electron-transfer
processes in utilizing SPAs composedof microlielerogeneous interfaciui environ-
ments (7). Figure 1-2A Illustrates the concept of a negatively charged microheie-
rogeneous interfacethat selectively associateswith a positivelycharged pholosen*
sitizer in the presence of a neutral electron acceptor. Photoinduced electron trans
fer causes selectiveassociation of the oxidized photosensitizer to the charged in-
terface, together with electrostatic repulsion of the reduced relay to the interface.
Consequently, back-electron transfer of the primary photoproducisis eliminated.



341

,'* CMV'* Ruftpy),*,CMV

cmv" .cH,<aipCHr-'H y( /*'*,

Figur I-I. (C) Control of (he photosensitized reduciion of C,MW ' by hydrophobic anil clccirostalicInleraeilon in a micellar l

For comparison,Figure 1 -2 B shows a randomdistributionof (he phocosensiiizer-relay components, where back-electron transfer is favored. Further architecturalprovisions in the supramolecular photochemicalassemblymight include immobil-izotion of catalysts on the microheterogeneousinterface. This would permit se-quemial us of (he reduced and oxidized photoproductsin various reduction oroxidation processessuch as the catalyzed reduction of water to molecular hy-drogen (8-10), CO,-reduction[11-14], Nj-fixation (15), or oxidation of water tomolecular oxygen (16). In recent years substantial efforts have been made to de-velop supramolecular photochemical catalytic assemblies (SPCAs) ihuc could
serve as artificial photosynihelic systems (17, 18). Such devices could effect theconversion of solar light energy into electrical (or chemical) energy with subse-
quent productionof fuel products.
The functionalitiesof the microheterogeneousenvironmentsincluded in SPAsmight operate through electrostatic or hydrophilic-hydrophobicinteractions.Charged colloids (19, 20], polyelectrolyies(21, 22), or charged micelles (23, 24|represent microheterogeneousenvironments(hat induce electrostatic interactionswith charged photosensitizer-relay components. Micellar aggregates (23-25), as
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well as oil-ltt-wiiier [26) and wnter-in-oil microemulsions(27], represent hydro
phobic-liydrophilic microcnvironments that interact with photosensitlzer-relny
components by means orhydrophobic-hydrophiticinteractions. For example [28],photosensitized reduction of the bipyridinium alt C^MV** (4) by Ru(bpy)}*
or Zn-porphyrinis controlled in a micellar medium of positivelycharged CTAB
micelles. Upon electron transfer, the reduced electron relay CmMV*' exhibits hy-
drophobic character and is extracted into the micellar core, while the positively
charged plioiosensilizcr is electrostatically repelled by the micellar interface(Fig-
ure I-2C). As a result, a four-hundredfoldretardation was observed In the back-
electron trnnsfer rate of the photoproductscompared to homogeneoussolutions.
Otherexamples ofmicroheterogeneousSPAs and SPCAswill also be discussed in
this review article.
Additional functionalitiesthat can be triggered by light absorption of supramo-

lecular photochemical assemblies might involve structural or configurational
changes of a specific part of the SPA. Figure 1-3A shows an SPA composed of a
photochemicalsite S linked to a light-sensitive receptor site R, Excitation of S
causes a structural change in the receptor configuration. Design of the light-acti-

(A)

H,0

(B)

NV.0H,NV,ay

Figure I-J. (A) Configuralional changes In on SPA triggered by a light source.(B) tight-induced active
transport of amino odds across an artificial membrane through the light-induced conflgurallanal
change or a substrate carrier.
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voted structure of the receptor for specific and selective association of stibstrntes
(i.e., metal ions or organic substrates) could provide the basis for either light-
driven active transport of ions or photorcgulated catalyticprocesses.
The possibility of a reversible structuralchange in the receptor functionality is

or special interest, and would hove definite practicalapplications. Photochemical
or thermal dark deactlvation of the photoactlvnted configuration to the original
passive structure allows for "time- (Or light-) controlled" activity of the SPA.
Light-activated molecular"ON-OFF"switches can thus be envisaged; applica-
lions are anticipated in controlled ion-transport,activation of substrates (catal-
ysis), or electrical conductivity. Introduction of chromophores as a part of crown-
ether receptors (i.e., azo-crown ethers) makes possible the control of metal ion
affinities at the receptor sites through photoregulation of the structuralfeatures of
the chromophore component (29, 30), Similarly, ortto rninj/wrf o/ <?m//io ocW*
afro. a mm6rarte can be pAordregf/fafta/ with the aid of a spiropyran photo-
chromic material (31] acting as substrate carrier (Figure 1-3 D). The light-activated
zwitterionicstructure of the photochromic material is the actual substrate carrier,
and vectorial transport Is operative across the membrane,
An SPA might also constitute a part of a macroscopicdevice (i.e., an electrode),

and operation ofthe device could be controlled by the molecularassembly. Figure
1-4 illustrates such a configuration, where the photochemical site and linked
functionality are introduced between two electrodes that Include immobilizeddo-
nor (D) and acceptor (A) components, in the passive configuration, the SPA acts
as an Insulator,and no current is developed in the device. With light activation,
however, the structural and photophysicnl properties of the molecularassembly
are altered: electron transfer to the acceptor component occurs, and subsequent
reduction of the SPA by the donor-electrode allows current to flow through (he
external circuit, tt should therefore be possible to develop photoresponsive con-

Iw

rT Elec, A | Elec. I|

Figure 1-4. Scheme For a photorejponslve electrochemical cell.
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ductive materials and to tailor SPA-based electronic devices (i.e.,

Organicdyes (32) (i.e., acridine or xanthenedyes) or transitionmetal complexes
|33| such as melal-polypyridine complexes or metal porphyrins are frequently ap-
plied as light-harnessing components that trigger the functionality of an SPA.
Sem/corKiW/o/- /n<i/eriafo provide alternative/>/io/oac//Ve components that can be
included in .twpraffio/ecM/ar <mmi>/< (34, 35), Excitation of a semiconductor
(S.C.) results in the formation of "electron-hole" pairs. Sequential electron ejec-
lion from the semiconductorconductionbandto an electrolyteacceptor, followed
by electron transfer from a donor component to valence-bandholes, provides a

means of inducing the photochemicalelectron-transferprocesses (Figure I-SA).
S.C. materials can also act as charge carriers in photochemical transformulions
(Figure 1-5 U), The coupling of semiconductorsto dye compounds or transition

()

Fl|r< 1-5. Photoinduced electron-transfer processes M a iniconiiuctor-solution interface: (A)
Charge ejection through excitation of the semiconductor. (D) Charge injection into the semiconductor
through pholoeicilalion of a dye compound.

metal complexescan lead to excitationof the latter, resulting in electron injection
from the excited dye to the S.C. conductionband (photosensitization).Sequential
regeneration of the light absorbent by an electron donor along with transport of
the injected electrons across the conductionband to a relay or catalyst compo-
nent, provides an alternative route for the participationofMmJawirfuc/onr to />Ao-
<o/m/um/ e/tfc/nm-jrä/jj/er />roceM. Substantial progress has been made in the

application of S.C.'s as light-activeelectrode materials in photoelectrochemical
cells. The photosensitizuiion process has been used for switching the activity of
wide band-gap semiconductors to the visible absorption region in phoioelectro-
chemical devices. Further progress in the application of S.C. materials in photo-
chemical transformations has resulted from the application of S.C. powders or

colloids. Excitation of such particles establishes a microcrystalline ekctrochcmi-
cal cell by the formationof "electron-hole" pairs. Alternatively,a photoscnsitiza-
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lion mechanism can cause >m'm>/ii/m)0e/i0M.r .S.C. />a/7ic/ to act as miniature

charge carriers in f/iofoc/ie/njca/ assemblies by a phoiosensitizalion mechanism.
Thus, organic dyes, metal complexes,or microheterogeneousS.C. materials can

be employed as light-active sites that trigger the functions of jh/wh/ho///- <-

Photosensitized Electron-TransferReactions
in Colloidal Microenvironments

lonization of surface groupson colloid particles provides a means of organizing
microheterogeneouscharged environmentsthat control photosensitized electron-
transfer reaction. For example, ionization in basic aqueous medium (pH>7.5) of
silanol groups at the surface of SiOj colloids results in negatively charged par-
tidesdue to the formation of a diffuse double layer [361. The surface potential(37)
of SiOj colloids,which exhibit a mean diameter of 40 A, has been estimated to be
V- - 170 mV. Such negativelycharged SiOj colloids have been incorporated into
photosensitized electron-transfersystems, as have positively charged AljOj and
ZrO, colloids [38].
Charged microscopicSiOj particles (19,37] exert a strong influence on the pho-

tosensltizedelectron-transferprocesses in a photosystemthat includes Ru(ll)-tris-
bipyridine, Ru(bpy)j* 5, as photosensiiizer, W,N'-di-(3-sulfonatopropylH,4'-bi-
pyridinium, PVS" 6, as electron acceptor, and iriethanolumine (TEOA) as sacrifi-
cial electron donor. Figure 2-1 a shows the rate of formationof the reduced pho-
toproduct PVS ~ ' in the presence of the SiOj colloid. The <//;mimi >'/W<//r />KS~
/ormaf/o/icorrespondsto ^0.04. By contrast,illumination of the same photosys-
tern in a homogeneousaqueous phase is considerably less effectivein formingthe
reduced photoproduct PVS" ', as shownby Figure 2-1 b (i|> -0.005). The sequence
of reactions leading to the photoreductionof PVS is outlined in equations 2-1

through 2-3. The primary process involves electron-transfer quenching of the
photoexcited photosensiiizer and formation of the encounter cage complex of

photoproducts. The photoproductscan either recombine in the cuge structure to

ground-state reaclanls or, alternatively, separate within the medium. Separated
photoproductscan interact through the thermodynamicallyfavored buck-electron
transfer reaction (eq. 2-2). This competes with a process in which the oxidized

photoproduct is reduced by the sacrificial electron donor (eq. 2-3), leading to a

steady-state accumulationof PVS"" . The SiO, colloid provides a microenviron-
ment for controlling these processes (Figure 2-2). Pholortsaclunu ore organized in
(he medium through electrostatic attractionof the photosensiiizer, Ru(bpy)]*,to

the SiOj surface. Upon electron transfer, the reduced photoproducl PVS ~ is re-



344 HW/iera</

ductive materials and to tailor SPA-based electronic devices (i.e.,

Organic dyes (32) (i.e., acridine or xanthene dyes) or transitionmetal complexes
{331 such as meial-polypyridine complexesor metal porphyrinsare frequently ap-
plied as light-harnessing components that trigger the functionality of an SPA.
Sem/conJuc/orma/en'/* provide alternativep/io/oacf/'wcomponents that can be
included in jjyromo/ecu/ar <mfmW/tM (34, 35). Excitation of a semiconductor
(S.C.) results in the formationof "electron-hole" pairs. Sequential electron ejec-
lion from the semiconductorconductionband to an electrolyteacceptor, followed
by electron transfer from a donor component to valence-bandholes, provides a

means of inducing the photochemical electron-transferprocesses (Figure 1-5 A).
S.C. materials can also act as charge carriers in photochemical transformations
(Figure 1-$ U), The coupling of semiconductorsto dye compounds or transition

(a) M

Figure 1-5. Pnoloinduced electron-transfer process at a semiconductor-solution Interface; (A)
Charge ejection through excitation of the semiconductor. (0) Charge injection into the semiconductor

ihrauyh pholoexcitation of a dye compound.

metal complexescan lead to excitation of the latter, resulting in electron injection
from the excited dye to the S.C. conductionband (photosensitizution).Sequential
regeneration of the light absorbent by an electron donor along with transport of
the injected electrons across the conductionband to a relay or catalyst compo-
nent, provides an alternative route for (he participation of MmJconrfucfoMm />/i0<-
<><Wu<W (;/t'c//-on-/ra/ii/er p/W. Substantial progress has been made in the
application of S.C.'s as light-activeelectrode materials in photoelectrochemical
cells. The photosensitization process has been used for switching the activity of
wide band-gap semiconductors to the visible absorption region in photoclectro-
chemical devices. Further progress in the application of S.C. materials in photo-
chemical transformations has resulted from the application of S.C. powders or

colloids. Excitation of such particlesestablishes a microcrysialline elcctrochcmi-
al cell by the formation of "electron-hole" pairs. Alternatively,a photosensiliza-
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tion mechanismcan cause m/croAt/eropencou* S.C. prti'c7w (o act as miniature
charge carriers m pAotoc/ie/m'ca/ assemblies by a photosensitization mechanism.
Thus, organic dyes, metal complexes,or microhclerogeneousS.C. materials can

be employed as light-active sites that trigger the functions

Photosensitized Electron-Transfer Reactions
in Colloidal Microenvironments

lonization ofsurface groupson colloid particles provides a means of organizing
microheterogeneouscharged environments that control photosensitized electron-
transfer reaction. For example, ionization in basic aqueous medium (pH>7.5) of
silanol groups at the surface of SiOi colloids results in negatively charged par-
tides due to the formationof a diffuse doublelayer (36).The surface potential(37)
of SiOj colloids,which exhibit a mean diameter of 40, has been estimated to be
y - - 170 mV. Such negativelycharged SiOj colloids have been incorporated into
photosensitized electron-transfersystems, as have positively charged AliOj and
ZrO, colloids (38),
Charged microscopicSiO] particles (19,37] exert a strong influence on the pho-

tosensitizedelectron-transferprocesses in a photosysiemthat includes Ru(II)iris-
bipyddlne, Ru(bpy)J+ 5, as photosensttizer, /V,W-di-(3-sulfonaiopropyl)-4,4'-bi-
pyridinium, PVS" 6, as electron acceptor, and triethanolamine (TEOA) as sacrifi-
cial electron donor. Figure 2-1 a shows the rate of formationof the reduced pho-
toproduct PVS~ ' in the presence of the SiC>2 colloid. The gua;i/i/m^/eW/or /"KS~
/ormafto/i correspondsto <j> = 0.04. By contrast,illumination of the samephotosys-
(em in a homogeneousaqueous phase is considerably less effectivein formingthe
reduced photoproduclPVS" , as shown by Figure 2-1 b (c|> 0.005). The sequence
of reactions leading to the photoreduction of PVS is outlined in equations 2-1
through 2-3. The primary process involves electron-transfer quenching of the
photoexcited photosensiiizer and formationof the encounter cage complex of
photoproducts. The photoproductscan either recombine in the enge structure to

ground-state reactants or, alternatively, separate within the medium. Separated
photoproductscan interactthrough the thermodynamicallyfavored back-electron
transfer reaction (eq, 2-2). This competes with a process in which the oxidized
photoproduct is reduced by the sacrificial electron donor (eq. 2-3), leading to a

stcudy-stale accumulationof PVS*". The SiO] colloid provides a microenviron-
mom for controlling these processes (Figure 2-2). Phoiorcaciumsare organized in
the medium through electrostatic attractionof the photosensitizer, Ru(bpy)|*,to
(he SiO) surface. Upon electron transfer, the reduced photoproduct PVS ~ ' is re-
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?Ru(bpy)J* + PVS -i* lRu(bpy)j+-PVS-)
Ru(bpy)J+

+ PVS"' (2-1)

Ru(bpy)j* + PVS Ru(bpy)}* + PVS

Ru(bpy)J++TEOA-, Ru(bpy){*+TEOA+

-L

(2-2)

(2-3)

decomposition products

J 4 I
intleint objotbed

FlgHttl-l. Quantum yield of PVS" formaiion utiii| Ru(bpy)|* M pholoicnsiliicr, In all lysienn,
fKu(l>py)j'|-6x 10-'M; |I'VS"|-1 x XT' M; |TE0A|-1x 10"' M. (*) In lite prc.ti. uf 04H $10,
colloid; (b) in a homoeneouj queow pha.e; (o) with 0.2% S1O, and added|NCI|-1x IO-> Mi (d)
with 04% SiO, colloid and added(NCI|-5x 10"' M.
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TEOAt

Si H 0-

^Ru(bipy)3*

PVS"

TEOA

SO,"

Fi|nre-2. Schematic Illustration of (ht role of the SiO, colloid in controllingphotosensitized rcduc-
lion of PVS".

pelted by (he negatively charged colloid interrace, while the oxidized photopro-
duct associates with it. Consequently, the reactive phoioproducis are stabilized
against the recombination process, and competitive oxidation of TEOA by
Ru(bpy)J* predominates;retardation or the destructive recombinationprocess
leads to an improved quantum yield for PVS" formation under steady-stateillu-
mination. Figure 2-3 highlightsthe effect of the SiO, colloid on the reeombina-
lion process (eq. 2-2), in (hat (he back-electron transfer reaction is examined di-
rectly by means of laser flash photolysis. In the homogeneous aqueous phase
there is rapid decay of flush-phologcneraicd PYS~' with Ru(bpy)]* (Figure
2-3A, eq. 2-2), with a diffusion-controlled back-electron transfer rate constant
*b-7.9x IO*M~'s"'. In the presence of the SiO) colloid, substantially slower
decay of PVS" ts observed (Figure 2-3 B) (*-5.7x 10' M*' s**'), implying thui
the colloid indeed retards the worni/nano />wm, and that the phoioproducis
are stabilized against back-electron transfer.
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The effects or the SiQ, colloid on back-electron transfer are due lo selective
electrical repulsion or PVS~ from the solid interface. The operation of an elec-
Irosiatic repulsive mechanism has been confirmedby examining the SiO, colloid
phoiosystem in media of differingionic strength.The electrical surface potential
of the SiO, particles is strongly affected by ionic strength; as the ionic strength
increases, the electrical surface potential decreases. This dependence of colloid
surface potential on ionic strength is expressed by (he Gouy-Chapman theory
(with Stern modification)) eq. 2-4, where a, is the particle surface charge density(Cm"'), y, is the surface potential, C is the total molar concentration of electro
lyte, T is the temperature (K), and D, R, and P represent, respectively, the di-
electric constant, gas constant, and Faraday constant.

10-'|DRTl'"C'"slnh2RT (2-4)

F1|tirI'}. Transient absorption changes Tor PVS~',follow! al 1-602 nm. Arrow indicatesili< Inter
pulse; |Ku(t>py)i*|-)6k10"' M; |l'VS"|-4x 10"' M. (A) In > homogeneous aqueous phase; (D) in
Ih presence of 0.2% SiO, colloid.
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The rate of PVS ~ ' formationin (he course or slcady-slaieilluminution of a pho-
losystein that includes Ihe SiOj colloid is strongly affected by the ionic strength
(Figure 2-1). It is evident thai us Ihe ionic strength of the system increases, the
rate of PVS" formation declines,and at a concentration of (NaCI|-0.5 M, the
quantum efficiencyfor PVS" approachesthe value observed for the phoiosystem
in a homogeneousaqueous phase. The specific effect of ionic strength on rccom-
bination rates further confirms (he notion that the SiOj colloid operates through
electrostatic interactionsin the */uW/iza//o/i o/z/ie p/iiw/j/Wi/mapm/i. fcaefc-<?/>
/ron fra$/rr rairttoii. Table 2-1 contrasts the quantum efficienciesof PVS ~ for-
mation in the SiOj colloid photosysietn at different ionic strengths with the corre-

sponding homogeneousphoiosysiem. Details are also provided on the specific
electric surface potentialof (lie SiO, colloid and the recombinationrate constant.
The results clearly reveal thai as (he surface potential of the SiO) colloid de-
creases,the recombinationrate is enhanced,and the quantum yield under steady-
state illumination declines.
The mlcroheterogeneousSiOj colloid also controls the photosensitized reduc-

tlon of tf,Ar'-di-(3-sulfonatopropyl)-2,2'-bipyridine,DQS(7), where Ru(bpy)j*

is used as photosensilizer and TBOA as sacrificial electron donor (20). Upon illu-
minaiion of this phoiosystemin a homogeneousaqueous phase, no reduced pho-
toproduct DQS~' is formed. However, illumination of the photosystem in the
presence of the SiOj colloid yields DQS~' with a quantum efficiency
4-2.4x 10"'. Detailed analysis of the charge-separation events reveals two im-
portant/ncf/onjo///i*5/0j co//oM in Ihe />/zo/owi.jmij</ e/ec/ron-wi^/r/jroee.
Primary electron-transferquenching leads to a primary encounter-cage complex
of the photoproducts(eq. 2-5). Under homogeneous phaseconditions, the photo-
products recombine within the cage structure) and no free photoproductsare de-
lected. In the presence of the SiOj colloid, however, (here is effective separation
of Ihe encounter cage complex. The encountercomplex of Ihe phoioproducts(Ru(bpy)i*"-DQ$""j associates with the colloid interface as a result of its net
positive charge. Its negative counterpart is repelled by the colloid interface, how-
ever, so effective cage escape of Ihe reduced photoproduct is observed

10"'), Subsequently, Ihe colloid plays a role in the retardation of cliffu-



Table 2-1- Quantum efficiencies and recombination rate constants involved in he photosensitized reductionaor FVS* ami DQS* homogeneous and
heterogeneous SO] media.

_
__

Witt SO. Homoteoeous WW, SO,
[Nai(M)

(LOI 0.025 ai 02 OS 0 0.1 QJ 0.4

O.OOJ
OJS

-' 7.9x10"

a*
OJS
J^xJO'
-170

ao3
O3S
9x10*
-152

0.022
038
2.7x 10*
-143

0.018
0J8
4JxIB*
-120

OjSM
038
i2xlO"
-92

0.009
03S
3x10*
-78

{0
(d)
0

0.024
0.26
IxlO'
-170

()
Ot26
3xJ0*
-120

w
0.19
Sx 10*
-92

(e)
aie
8x10*
-4

(b) Charge separation qtumoni yieldof the primary cncoonlcr cage complex ofphotoproduca.
(c) Sate poceoa) of SiO, colloid, catulaled by eq. 2-4.

(d) No ctaarfe sepantion oTOQS* occurs in the bomogeneo sysem.
(e) Notdetermined epemneotally.
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sional recombinationof the intermediate photoproducts(eq. 2-6) through repul-sion of DQS~" by the colloid-interface,associating the oxidized species. Table
2-1 includes detailed data on quantum yields for the escape of pliotoproducis(<K). as well as diffusional recombination rale constants for this photosystem at
various ionic strengths.The data confirm that the SiOj colloid operates throughelectrostatic interactions. As the surface potential of the colloid decreases, there is
a decline in the effectiveness with which it assists in separation of the encounter
complex of photoproduclsand the subsequentretardation of the recombination
rate is reduced. We therefore conclude that organization of a photosyslem by
means of electrostatic interactions permits the cwro/ 0/ wM/iVec'o/ia/ //loro/n-rfucec/ We<W0'i-fra/ug/r reac'/O'w. Directionality is achieved through specific at-
tractive and repulsive interactionsbetween pholoproductsanrf the c/ia/-0ed /

"Ru(bpy)j? + DQS"*? (Ru(bpy) j+ DQS- J -^ Ru(bpy)J * + DQS ~ (2-5)

Krnet n

picnic
Ru(bpy)j * + DQS

Ru(bpy)j* + DQS-- -= Ru(bpy)j* + DQS" (2-6)

Supramolecularassemblies might alter (he mechanism of photosensitized dec-
iron-transfer reactions, thereby affecting the efficiency of such transformations
(39). Xanthene dyes form ground-state complexes with bipyridinium salts such
as Ar,Ar'.dimethyl-4.4'-bipyridinium, methyl viologen, MV'* (8). For
example, Rose bengal, RB'~ (9), forms a complex with MV*+ with

1 I
I

2X

8

ON

a

K,(ll,000 1,100)M~' (eq. 2-7). Electrostatic attractive interpellonsbetween
the negatively-charged xanthene dye and the positively-charged bipyridinium
electron acceptor provide the stabilizing driving forces for these complexes. For-
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mation of a pholosensilizer-electron relay complex results in static quenchingof
the excited singlet state of the photosensitizer.The resulting encountercage com-

plex of pholoproductsis non-scparablc, leading to rapid recombinationof the

intermediate photoproducts(eq, 2-8). The formation of such ground-slate com-

RB- + MV* A |RB'--MV'*| (2-7)

(RB'--MV'+)A [RB- MV+ 1 (2-8)

plexes substantially affects the efficiency of the photosensitized reduction of

MV* under steady-stateillumination. Figure 2-4a shows the rate of MY*' Tor-

mation upon illumination of a photosystemthat includes RB'~ as photosensiiiz-
er, MV*' as electron relay, and iriethanolumine, TEOA, as electron donor. The

inefficient formationofMV * ' M> - 8 x 10 ""*), Is due to rapid recombination of the

intermediate photoproductsIn (he encountercomplex (eq. 2-8).
Organizationof the photosystem within a microheterogeneousSiO] colloid

changes the mechanismofthis photosensitized electron-transferprocess.The SiOj
colloid separates the ground-state complex |RB'~ MV'*)through electrostatic
association of the electron acceptor to the negatively charged SiO] interface, and

concomitantrepulsion of RB'~ (eq. 2-9).

Ü2i, RB'- + MV^ (2-9)

Rßi- JU RB'~ _ 'RB'- (2-10)

RB'"+TEOA RB'~ +TBQA + ' (2-11)

? RB'- + MV* (2-12)

This separation in turn leads to a new mechanismfor photosensitized electron

transfer outlined in (eq. 2-10) through(2-12). The separated excited photosensi-
lizer (singlet) decaysto the triplet slate. Subsequentlythe triplet-excitedphotosen-
sitizer is quenched via electron transferby TEOA.The oppositely-charged photo-
products are selectively subject to either attraction or repulsion by the SiOj inter-

face. Consequently,back-electron transfer is retarded, permitting effective reduc-

tion of MV'* by RB'" (us well as by TEOA* ). Figure 2-4b shows the rale of

MY*' formationin this organized microheterogeneousphotosystemundercondi-
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lions of continuous illumination. It can be Seen that the quantum efficiency Tor

MV*' formation(i|>-1 x 10"'), is 125 times as large as in the homogeneous pho-
losystem.

Further ori/<t<ifeaf/on o/the^/io/o^/cw is accomplished6/ t'mio6//i'za/mno/a
Pd if/a/ carfa/yjf on the SiOj co//uW /wf/c/ej [39], leading to a microhelerogeneous
catalytic assembly Tor photosynthetic transformations. The electron acceptor
tf,W'-dibc!uyl-(3,3'-dimethyl)-4,4'-bipyridiniufn,BMV" (10), exhibits a reduc-

Figur2-4, Role of MV * ' formation > a function of illumination lime for a ysiem Ihm includes
|RB'-|-I X 10"' M;IMV'*|-i X 10-' M; ITEOA|- I x 10"' M. pll -9.3. (a) In a homogeneoussolu-

lion; (b) In ih pretence of 1% SIQ, colloid.

tion potential (E- -0.670 V vs. NHE) that permits hydrogen evolution in basic

aqueous environments, where the controlling effects of the SiO, colloid are oper-
alive. The electron acceptor BMY** forms a ground-state complex with the xan-

thene dye eosin, E$~ (11), as shown in eq. 2-13. Illumination of a phoiosysicin
that includes eosin as photosensilizer, BMV'* as electron acceptor, TEOA as

electron donor,and colloidal Pd in a homogeneous aqueous phase does not yield
the reduced photoproduclBMV*', nor does it cause Hj evolution. The lack of

photoproductscan be rationalizedin terms ofrapid recombinationof the interme-
diate photoproductsin the encountercage complex. By contrast,organization of

(he same photosystem in a catalyticmicroheterogeneousassembly that includes

Pd immobilizedon colloidalSiO, does result in effective pholoinduced llj-evolu-
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(2-13)

(2-14)

lion (<|>-I.I-10-'). The complementary synchronous functions or (he Pd-SiOi
colloid in controlling photosensitized llj-evoluiion are outlined schematically in
Figure 2-5. Primary separation of the ground-state eosin-relay complex allows
spatial organization of the photosystein components and eliminates internal elec-

11

.ON
CEo*" BMV*3

BMV*' g,,*"

TEOA+Eo'-^TEOA*

VjMV
Fl|ur< 1-5. Sclitmudc Illuilraiioo of (lie role of IM-SiO, cullold In conlrolllnj pholoscnjlliicil rcduc-
lion of DMV'* and tubsequenl cmalylic H,-evoluliun (Ej*
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tron-lransferquenching as well as recombination reactions in die encountercom-
plex structure or photoproducts. Subsequentquenching or the excited photosensi-
lizer by triethanolumine yields oppositely charged pholoproducts that arc
oriented in the microhelerogeneoussystem by means of the charged SiO^ inter-
face. This orientation eliminates the back-electron transfer from intermediate spe-des, and the final reduced photoproduct, DMV+, formed by reduction ofDM V'* byE'r and TEOAt, mediates effective I Involution at (he immobilized I'd catalyst.

These examples demonstratevarious /tv/'o/w <mo<.iaW ivi//i the f/io/-(/i'/ m//Y/
)///(/ farer/ae i'h //j0ftMu/rizi</eto/wMra/i./'e/' reactions:
i) The interface effects the separation of ground-stale photosensitizer-rclay com-
plexes that would otherwise have a destructive influence on photoinduced elec-
Iron-transferreactions.
ii) It assists charge separation of (he encountercage complex of photoproducts,and also stabilizes intermediate photoproducts against back-electron transfer
reactions.
iii) It provides a matrice for supporting potentialcatalytic sites. Orientation of Ihn
pholoproducisut such catalytic sites by means of the chargedSiOj interfacela oil-itates subsequentcatalytictransformations (i.e., (Involution).

PhotosensitizedElectron-TransferReactions in
Water-Oil MicrostructuralSystems

W<j(e;--f>i-o<7micro<;ii/Moo.r create microslruclural environmentsfor (he control
of electron-transfer reactions by means of /i^(/ro/>/>i7/c-/i^<//-0/7/)o/>/'c //i/erncf/orM.
The role of such interactionsin charge separation is illustrated schematically in
Figure 3-1 A. The reactants (end to exhibit hydrophilic character, and ihey are
localized in the aqueous compartment of a water-oil inicrostructurul system. I'ho-
toinduced electron transfer results in the reduced phoioproduci, which exhibits
hydrophobiccharacter, and this is extracted from the aqueous phase, crossing (he
interfaceand passing into the oil phase. Charge separation and stabilization of the
pholoproductsagainst back-electron transfer is thus a consequence of compart-
mentalization of the photoproducts in (he (wo phases. Microslruclural hydro-
philic-hydrophobicinlerfucial systems such as micelles and microcmulsionspro-vide water-oil boundaries of high surface area, thereby facilitating effective mass-
transport (extraction).

Waier-in-oil microemulsionswith water pools stabilized by dodecylammonium
propionate were successfully applied as organized reaction media for photoin-
duced electron-transferreactions (27b). The plioiosyslcm itself is composed of
Ru(ll)-lris-bipyridiiie as photosensitizes (NH)jEDTA as sacrificial electron do-
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nor, and an jY,/V'-dialkyl-4,4'-bipyndiniumelectron acceptor, C,V* (12), in
which the alkyl chain length is subject to adjustment(m 1-18). The sequence of

N\ y
12

reactions leading to reduction of the electron relay CV* involves primary elec-
tron-iransfer quenching of the excited photosensilizer Ru(bpy)J*, separation of

(A)

Organic
Phon

Oifcfellon

(B)

tWoler)

OiidolK ? . i

(TotutMl

Figur)-1. (A) Charge itpoialion of phulojenttalcileltclronlranjfer produci through hydrpphilto-
hyJrophoblc inUracilont ol wMer-oil bound!. (B) Conltol of th photosensitized reduction of

C,V* in a wmer-ln-oil mierocmulilon with Ru(bpy)i*' u pholoseiisitiier.



the encountercage complex, and irreversible oxidation or (NH.,),EDTA by die
oxidized photoproduct, Ru(bpy)|* (eq. 3-1 and 3-2). Quantum yields for the for-

Ru(bpy)j * J -*h Ru(bpy)j+ + .V + (3-1)

Ru(bpy)}++(NH<)jEDTA Ru(bpy)|+ + (NH)iEDTA+ (3-2)

I
irreversible decomposition

Ru(bpy)]+ + CV+' **? Ru(bpy)J+ + CV'+ (3-3)

mation of CV*' are controlled by separation ofthe encountercage complex and
the relative ability of the irreversible process to compete with the back-electron
transferreaction (eq. 3-3). Figure 3-2 shows the rate ofCV* ' formationin water-
in-oil microemulsionscontaining differentelectron relays. The electron relay with
nI is not photoreduced at all in this waler-in-oil microemulsion, and C4V*'
formsvery inefficiently. A sharpincrease in the rate of reduction is apparent with
C*V'*, and CaV'* represents a further improvement. Longer chain bipyridinium

I 2
Elmliln obto(t>td /Illei

Figure 1-2- Quanlum yield for C.V * ' formation In a wolecinoil microemulsion. (a) n -4. (b) -6, (c)
/i-I, (d) /i- 10, 12, and 14, ()-! For all iyden, |Ru(bpy)!'|-2 x 10"' M, |C.V|-I * 10" M,
and |(NH.),EDTA|-K 10-' M.
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Tabl 3-1. Charge separation anil steady time quantum yield lad recombination rates in the photo-
ieitiUiied reduction of C.V *.

Il 1

t.(a) 0

IO*xVM"'xs"'(b) (d)
10'i.W <IO-

4

0.006
26
0.

6

0.03
1
15

8

0.040
0.7
7.5

M

0.050
0.33
il

1

0,054
1.2
7.2

(a) Chargeseparation quantum efficiency of the encounter cage complex of phoioproUucu, eq. J-1.

(b) Recombination rale constants of Intermediate pholoproducis, eq. 1-3,

(c) Quantum efficiencies of C,V*' formation under steady stale illumination.

(d) No charge sparation of C,V*' I observed in the wutec-ln-oil mlcroeinuUioii.

salts (C,eV^-C,V^)are photoreduced at the same rate as C,V*. Table 3-1

summarizes the corresponding charge separation quantum yields for encounter

cage complexes (eq. 3-1), steady-state quantum efficiencies, and recombination
rate constants for the intermediate photoproducts(eq. 3-3). A sharp increase in

charge-separation efficiencies and the concomitantretardation of back-electron

transfer is retailed in photosystems that include CV** and CV* as electron

acceptors. These electron relays apparently offer the proper hydrophilic-hydro-
phobic balance for controlling photosensitized transformations in the microstruc-

tural water-oil environment(Figure 3-1B). In its oxidized form the acceptor exhi-

bits hydrophilic properties,so it resides in the water microdroplets. The reduced

photoproductCiV*', on the other hand, exhibits hydrophobic character,and it is

extracted into the oil phase. Consequently, the interfacial system assists charge
separation of the primary encountercomplex of electron transfer products by ex-

traction of the resultinghydrophobic species into the oil phase. Concomitantly,
retardation in the back electron transferrate is achieved by separation of the photo-
products in the two distinct hydrophilic-hydrophobicenvironments,

Controlof PhotosensitizedElectron-Transfer Processes
with Cyclodextrin Receptor Systems

The various organized photosystemsdiscussed in the previous sections involve
mierohcterogeneous assemblies that control photosensitized electron-transfer

reactions. Macromolecular receptor systems that selectivelyinteract with one of

the photoreactants or photoproductscould in principle behave similarly in con-
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trolling photoinduced electron transfer. One passible scheme for purticipution of
a receptor componentin effectingcharge separation nil stabilization of die pho-
loproducis against back-electron transferis outlined in Figure 4-1. Through selec-
live association of the electron relay with (he receptor site, separation of ground-
Stale photosensilizer-acceplor complexes can be induced, and intramolecular
back-reactions can be thereby eliminated. Further association of the reduced pho-
toproduci in the receptor cavity might shield the active intermediate from the ex-

lernal environment and thus stabilize the photoproducts against back-electron
transfer reactions.

S + A [S---A]

hv

FlgHrc 4-1. Control of phoiosensiilzcil electron-transfer reaction! by meant or molecular receptor*.

Cyclodextrins (CD) have been used as molecularreceptors to control electron-
transferreactions In organized assemblies (40, 41). Cyclodextrins are cyclic poly-
sugars composedof glucose units linked by a-glycoside bonds. They are cylindri-
cal in shape, with an internal Hydrophobie cavity and hydrophilic peripheries of
hydroxyl groups on th two receptor edges. Hydrophobie substrates of proper size
and shape associate with the cyclodexirin cavity (42). Cavity size is controlled by
the numberof glucose units comprisingthe macrocycle(6, 7, and 8 glucose units
form a-, ß-, and y-CD, respectively). The association properties of CD receptor
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systems have been extensively employed in mimicking enzymefunctions by artif-
icial means (43,44]. Cyclodextrin receptors have also been applied in controlling
stereospecificand siereoselectivephototransformations.

Cyclodextrins have been examined as reaction media for photosensitized elec-
iron-transfer reactions, Zn(ll)-mo-tetra(//-propylsulfonato)pyridinium porphy-
rin, Zn-TPSPyP(13),forms a ground-state complex with anthraquinone-2-sulfon-
ate, AQS" (14), as indicated by eq. 4-1 (40). Formation of this complex results in
quenching of the singlet excited photosensitizerthrough internai electron transfer
followed by rapid recombinationof the photoproducisin the complex structure

(eq. 4-2). Illumination of a photosysiemconsisting of Zn-TPSPyPas phoiosensi-
lizer, AQS" as electron acceptor, and cysteine as sacrificial electron donor results
in no observable separated, reduced photoproductdue to rapid recombination. In
the presence of ß-CD, however, the ground-state complex becomes separated

Zn-TPSPyP+ AQS- f** {Zn-TPSPyP-AQST) (4-1)

(Zn-TPSPyP-"AQS-J *K* lZnTPSPyP+ "AQS'* 1 (4-2)

through selectiveassociation of AQS" with the ß-CD receptor cavity. These con-

dilions lead to a change in the mechanism of the photoinduced electron-transfer
process: the triplet excited state is now quenched by AQS",which is associated
with the ß-CD receptor. The resultingreduced photoproduct is protected by the
molecularreceptor against back-electron transfer;consequently, in a photosystem
that includes cysteine as sacrificial electron donor, the protonated scmi-anthraqui-
none radical anion AQHS" accumulatesduring illumination ($~ 1.35 x 10"').
The effects of macromolecularß-CD receptors on the photosensitized reduction
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of M/V'-dioctyl-4,4'-bipyridinium, CV'+ (15), by Ru(bpy)j+ and Zn(ll)-io-
letraphenylsulfonalo porphyrin, Zn-TPPS*", huve also been examined [40, 41).
With Zn-TPP5*~ as photosensitizer, the ground-stale complex (Zn-
TPPS*"C|V'*1is formed in aqueous media. ß-CD separates this complex and
permits effective reduction of C,V'* through elimination of the internal back-
electron reaction (hat would otherwise intervene. With Ru(bpy)j* as photosensi-
lizer, photoinduced reduction ofCV* occurs in aqueous solution even in (lie
absence of ß-CD, but (he photoproduct aggregates to the radical cation dimer,
(CV*)i. Jn the presence of ß-CD, the electron relay CV'+ associates with the
receptor cavity (eq. 4-3), and photosensitized electron transfer leads to binding of
the reduced photoproductto the cyciodextrin (eq. 4-4). Since the ß-CD cavity can
accommodateonly the monomericpholoproduct, aggregation of C,V* is elimi-
nated. Association of C,V* with the cyciodextrin also substantiallyaffects back-
electron transfer of the phologeneratedintermediates. In the absence of CD, the
dimer aggregate photoproduct(CV* ')j efficiently recombineswith oxidized pho-
toproduct (recombination rate constant *b~3.2x 10* M"' s"'). Association of
CV*" with ß-CD protects the reduced photoproduct in the cavity structure
against back-electron transfer (eq. 4-3), so the recombination rate is significantly
lower (fco - 3.2 x 10'M " '

s -').

C.V* + ß-CD I-* [C,V? ß-CD) (4-3)

Ru(bpy)j++lC,V'*-ß-CD] Jü, Ru(bpy)J++|C.V+ ß-CD) (4-4)

Ru(bpy)J*+[C,V*ß-CD| -^ Ru(bpy)}* +|C,V'*-ß-CD) (4-5)

We thus conclude (hat cyc/odmrt/i rece/iwa can participate in photosensitized

i) Tlie receptor separates ground-stale photosensiiizer-relay complexes by sclcc-
live association of one of (he complex components lo the CD cavity.
ii) Association of one of the pholoproductswith the CD cavity provides prolec-
lion against back-electron transfer and lowers the recombination rule.

Iii) The photoproduct is prevented from aggregating due lo binding lo the CD
receptor,

Cyclodexlrin receptors also provide a means to control photosensitized dec-
Iron-iransferreactions at semiconductor(S.C.) solution interfaces. Two different
electron transfer processes can occur at an S.C. solution interface; c/w^c ^Vctm
or Wiar^e /*i/V<7/om (see introduction). Charge ejection of conductionband dec-
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Irons to a solution relaysubstrate occurs throughphotoexcitation of the S.C. (Fig-
ure I-SA). Charge injection to the S.C. occurs through photosensitizer excitation
followed by electron transferto the S.C. conductionband,which acts as a wire for
transporting the electrons (Figure 1-5 B), The effectiveness of the charge-ejection
process (eq. 4-6) is limited by the competitive "electron-hole" recombination
process (eq. 4-7). Thus, only relay substrate associated with the S.C. interfaceis
operative in the charge-ejection process. Similarly, charge injection is limited to

ejj>. + A -? A" (4-6)

h* (e-h*)v... (4-7)

photosensitizer species in the vicinity of the S.C interface, since only for excited
entities near the interfaceis the electron-transferroute competitive with other de-
cay processes. Thus, localizationof relay substrates or photosensitize at S.C,
interfaces is expected to enhance both charge ejection and charge injection.
Colloids of semiconductorparticles can be stabilized by cyclodextrins (45). For

example, S.C. oxides such as TiOj or FejOj are stabilized as colloids by
either a- or (J-CD. Such an S.C-receptorassembly would provide an organized
microenvironment for controlling electron-transferreactions at the S.C.-solution
interface (4$). /V,//'-dioetyl-4,4'-bipyridinium, C,V'+ (IS), associates with ß-cy-
clodextrin, /f.-5.6x 10' M~\ while tf,/V-dimethyl-4,4'-bipyr!dinium, MV+,
does not. Examination of the reduction processes of C,V* and MY'* by pho-
loexcitaiionof the TiO,-ß-CD colloid and subsequentcharge ejection reveals that
reduction of the former is 4.2 times more efficient than that of the latter
H>(C,V+ )/*(MV+ )~4.2J. The reduction of both substrates using a TiO, colloid
stabilized by poly(vinyl alcohol) (TiOj/PVA) proceeds with similar efficiency.
The improved quantum yield for the reduction of C|Y'* in the TiOi-ß-CDreeep-
tor assemblycan be attributedto the fact that this electron relay is localizedat the
SC. interface due to association with the ß-CD cavity. Organization of the elec-
Iron acceptor at the S.C. interface increases (he efficiency of charge ejection fol-

lowing excitation of the S.C. (Figure 4-2 A). Two complementary experimentsil-
lustrate how the receptor sites improve the charge-ejection process. The rate of
CiV'+ pholoreduclion as a function of the electron relay concentration shows
characteristic saturation behavior (Figure 4-2 B), and at a concentration

(CV'*)~ ' * '0"* M the reduction efficiencylevels off. This implies that satura-
lion of the receptor sites leads to maximumefficiency in the charge ejection proc-
ess. Inhibition experimentsconfirm the importanceof associating the electron re-

lay in (he ß-CD cavity in order to improve the electron-transfer process. Thus,
addition of phenol lowers the photoreductlon efficiency of CiV**. At a phenol
concentration of0.05 M the rate ofC,V'* photoreduction is similar to that of free

MY**. Phenol binds to the ß-CD cavities, thereby acting as a competitive inhibi-



rf /fc/rort-7V<i/i^/i?r 363

(A) .
-C.H,,

ISloxlo" M

Figure 4-2, (A) Schemalle diagram of the role of TiO,-0-CDcolloid in improving (he Interracial dec-
Iron-transfer proceu. (D) Rale of dV* phoiorediiction by ihe TiO; p CD assembly as a function of

electron-acceptorconcentration.

lor with respect lo CV**. Consequently, Ihe organization or Ihe electron relay at

(he S.C. interfaceis perturbed and Ihe electron-transferprocess loses much of its
effectiveness,

Photosensitlznlion of S.C, particles can also be improved through association
between dyes and tailored S.C.-receptor assemblies (46). An organized microhete-
rogeneoussystem composed of Pt immobilizedonto TiOj and stabilized by ß-CD
displays pholocafalylic Hrevolutionin Ihe presence of the dye prodavine( 16), as

shown in Figure 4-3. Profiavine associates with the hydrophobic p-CD cavity
(fV,-55060 M~'), so the dye is bound to the S.C. interface. Illumination of a

photosystemcontaining the Pt-TiOj-ß-Cü assembly in the presence of cysleinc as
sacrificial electron donor results in hydrogen evolution. This pholocatalylic proc-
ess occurs by primary charge injection of an electron from ihe exciicd dye to ihe
S.C. conduction band (Figure 4-3). Cysteine reduces Ihe oxidized dye, thereby
recycling the light-harnessing component. Electrons are transported across Ihe
conductionband to the catalytic Pt site, which acts as an electron sink and as a

catalyst for hydrogen evolution,The tailored calalysl-S.C.-receplorconfiguration
is crucial to achieving a photosensitized transformation. Exclusion of (he S.C. thai
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t/2 H,
CyS H

Figur 4-). Charge injecllaii Into miconducior Ihtough jsodnilonofdye wilh iho semiconductor-
p-CD assembly. CharitInjection rcsulis in charge transportand subsequent Hi-evolulfon.

acts as charge currier also eliminates direct electron transfer from the excited dye
lo the metal catalyst. Furthermore, association of proflavine with the (1-CDrecep-
tor has a significant impact on the pliotocaialyiictransformation. Figure 4-4
hows the rate of Hj-evolution in the organizedphoiosystem alone, together with
the effect of added octyl pyridinium, C,Py*. Octylpyridinium, CPy+, acts as a

competitive inhibitor with respect to binding of proflavine to the ß-CD receptor
sites. It is evident that as the concentration of the inhibitorPy+ is increased,
the efficiency of photosensitized Hi-cvoluiion decreases. Thus, association of the

so

Fljur4-4. Phoiounsiiized 11,-evoluiion using Pi-TIO, colloid (]H Pi on TiO, (w/w)|; |pro-
(luvine|-5.l x 10"'M as phMosensilUer and (Cysacyiielnel-1 x 10"'M at clocuo donor:
(a) Pi-TtO,-pCD. (b) Pi-TiOi-Hrt'lnyl alcohol), (c)-(c) Pi-TiO,-pCD wilh oeiyl pyridinium,
C.Py*": (<0 22 k 10'* M, (d) 4.4 x 10'' M, ()M x 10'" M.
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dye with (he ß-CD cavity localizes (he exciied species u( the S.C.-solution inter-face and provides a means of effectively injecting the charge from the shori-livcd
exciied photosensiiizcr.
These examples highlight a variety of approachesto control photosensitized

electron-transferreactions with molecularcyclodcxtrin receptors. There lias beenconsiderable progress in the design of artificial receptor systems in recent years. II
seems likely that other receptor systems can also serve as ordering media for pho-
losystems. Moreover, chemical modifications of the receptors (i.e., by chargedgroups) might provide new functionalitiesfor controlling photosensitized elec-
iron-transferreactions.

Photosensitized Electron-TransferReactions in
Molecular Photosensitizer-ElectronRelay Triad
Assemblies

The control of photosensitized electron-transferreactions in the assemblies sofar discussed has been accomplished through tailored interactionsof photoreac-lants and photoproducts with an external interface. This external interface gov-erns the relative locations of the components and subsequently controls the elec-iron-transferprocess. However, none of the phoioreactanis include self-coniroll-ing elements with respect to the electron-transferprocess.
In nature, the photosynlhetic reaction center consists of a microsiructural as-sembly in which a series of organized electron acceptors achieves spatial chargeseparation througha process of "electron hopping" along a chain of relay compo-nents (2, 3). An appropriate molecular array of electron acceptors, with properordering of the reduction potentials and a link to a photosensiiizer site (Figure1-1 A), might be able to mimic (he functions of the natural photosynihelic reac-lion center.
Design ofsuch a molecularassembly, composed ofa pholosemrilizerlinked to aseries of electron acceptors with proper "downhill"ordering of the reduction po-tenlial, S-A,-A,, could lead to an apparatus that would effect charge separation

17
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al (he molecular level [47). The linked bipyridinium-anlhraquinoneacceptor
A/-benzyl-W-methylanthraquinone-4,4'-bipyridinium, BV+-AQ (17), forms a

ground-stale complex with Zn(ll)-/n<uo-letraphenylsulfonatoporphyrin, Zn-
TPPS*~, through association of the bipyridinium component with the porphyrin
unit (Zn-TPPS*" BV+-AQ). Tlie reduction potentialsof the linked electron ac
ceptors at pH-4.2[E(BV>+-AQ/BV'+-AQ)-O.I9 V; E(BY'*-AQH/BV*
AQH )- -0,29 V) exhibit the properordering to permit construction of a photo-
scnsilizer-acccptor(!)-acccptor(2) triad assembly (47).

Photochemicalstudies indicate that vectorial electron transfer along the dec-
iron relay chain does occurwhen the photosensitizer componentis pholoexcited.
Illumination of the molecularassembly Zn-TPPS'*""-BV'*-AQin the presence
of the sacrificial electron donor cysteine results in the formationof BV^-AQII
(<t>- I.I x It)"') through primaryelectron transferfrom the excited photosensiiizer
to the bipyridinium component and subsequentformation of BV*'-AQas a pri-
mary intermediate (Figure S-l). In this photosensitizer-acceptor(l)-acceplor(2)

10 11 M

Einsteinbsorbed x 10*
Figur $-1. Rule or BV'-AQH formation via illuminationor the IZn-TPPS*"-"BV'*-AQ| assembly
in lite preicnc of |Cyjtein)-S x 10"'M. Illumination m pH-3.8, |Zn-TPPS-|-4,5x10"'M,
|BV'*-AQ|-2.lxl0-'M.

assembly the photoexcited singlet stale of Zn-TPPS*" is statically quenched by
the primary bipyridinium associated electron acceptor through an electron trans*
fer process. The primary intermediate photoproducls,|Zn-TPPS'~ BV+ -AQJ,
are then transferred into the spatial separated photoproducts, Zn
TPPS-... BV'*-AQH',by the downhill reduction of the quinonc compound by
the intermediary bipyridinium radical cation acting as electron carrier. Thus, the
molecularassembly composed of a phoiosensitizer-acceptor(l)-acceptor(2) array
acts as a molecularwire that sequentially tunnels transferred electrons along the
chain of relays. This spatial separation of the photoproductsprevents back-elec-
iron transfer from the primary intimate photoproducts, and enables effectivere-
duction of the quinone component,
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Concluding Remarks and Prospects for the Future

Supramolecularphotochemicalassemblies (SPAs) are organized systems thatdemonstrate unique properties in photochemical transformations as a result of(heir internal organization and ordering. This contribution has emphasized theeffects of organizedassemblies on photoinduced electron-transferreactions. Weemphasize that microheterogeneousand microslructural systems as well as (ai-lored molecularassemblies can exert enormous effects in controlling öhotosensi-(ized electron-transferreactions. There is widespread interest in utilising photo-generatedelectron-transferproducts in subsequentsyntheses of fuel products (i.e.,H] evolution, CO] fixation to carbon fuels, and Nj fixation to ammonia). Organ-ized supramolecularassemblies are likely to be intrinsic components of futureartificial photosynthetic devices. Furthermore, the potential importance of supra-molecularassemblies in other photochemicaltransformations should not be over-looked. The application of organized microenvironmentsfor slereoseleciivepho-(ochemical synthesis,photoinduced activetransport,and phoiouccivoted chemicalswitches represent challenging scientific goals [48|.
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Symbols and Abbreviations

A - Electron Acceptor
AQS
BMV'* .

BV'^AQ
C.B.
CO

C,,MV" .

C.V*
0
DQ5"
E"
8,
EDTA

K.
*.
*

An(hraquinonc.2-iulfoiiBie
. rV.rV'-dlbenzyl-(}J'dlmelhyl).4,4'-bip/rMlnium
A'-beniyl-/y'-mlhylanihraa,uinonc-4,4'-blpyridinium
Conduction Bnd
CyclodcKlrin
rV-dodecadeeyl-W'-itwlhyM^'-blpyridlnlum
(V.rV'-diiilkyl-M'-bipyridlnlum
Electron Donor

- rY,rY'-di-()<ittiroralopropyl)-2.2'bipyridin<
Standard Reduction Potential

- Eosin
Elhylcnediominctelraaclic acid
Atsociulion Constant

- QuenchingRile Constant
Back Reaction Rat Constant
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MV
P'.Q- -

PTZ
PVS"
R -

RB'-
S
S.C.
SPA -

SPCA -

TEOA
V.B.
Zn-TPPS'- -

Zn-TPSPyP-

?

A. -

w

M/V'dimeihyM.4'bipyriiifnlum
Porphyrin-quinone ion-pair
Phenolhiazine
M'di(3sulfonulpropyl)-4,4'.bipyriUinium
Receptor
Rose bcngal
Photosensitizcr
Semiconductor
Suprainolccular Photochemical Assembly
Supramolecular Photochemical CatalyticAssembly
Triclhanolamine
Valence Band
Zn(ll)><a-ieiniphenyUulfonaio porphyrin
Z<i(ll)-m<)-ietru(iV-propylsulfonato)pyridinium

Quantum Yield
Chargeseparation quantum yield
Wavelength
Surface Potential
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SOLAR-INDUZIZRTE REDOXREAKTIONEN IN MISROHETEÄOGENEN UND
HOMOGENENSYSTEMEN ZUR WÄSSERSTOFFERZEUGUNG

Projekt-Nr. : 03 E 3636 A

?ro f - Dr- H. Dürr*

FR 11.2 Organisciie Ch.emie

Universität des Saarlandes

D - 6600 Saarbrücken

Die artificielle Photosynthese,die die natürliche Photosynthse in ihrerFunktion nachahmt, wurde Studien:.
t) Neue homo und heteroleptische Ru-oolypyridin-Komplexe(Sensibillsatorcn)wurden synthetisiert.
2) Su-Komplexe mit iCryptand- oder Coronand-Strukturwurden hergestellt.5) Neue Mono und Bis-lektronentransferreagentienwurden präpariert.Die neuen Komplexe zeigten verbesserte photophysikalischeEigenschafteninsbesondere im Hinblick auf Absorption, Energie des angeregten lustana.es..verlängerte Luminessenzlebensdauern.. Redoxpotentialedes angeregten In-Standes und effektiven bimolekularenEnergietransfer.Neue Katalysatoren (Pt, Ru. Os, Ir und MeO* ) wurden in sacrificiellesSystemen getestet. Die Wasserstofferzeugungin vielen Systeaen ervie.s .s Lcrtdabei als effizeiat. Sauerstoff konnte - entgegen LLteraturberichte.t - inausgewählten Beispielen unzweideutig erzeugt werden.
Meue iupramoleculare Sensibilisator-RelaisAnordnungenkonnten aufgebautwerden. Diese zeigen wesentlich verbesserte Eigenschaftenio Hinblick aufWasserstoff- und Methan-Produktion.Langfristig können diese Scucicn einenBeitrag zum Problem des Traibhauseffektes leisten.

Artifizieile Photosynthese. Energie-Konversion. Tuning von 5er.sibili5S.to-
ren. Ru-?olypyridin-Korapiexe. Relais. Katalysatoren. Wasserstoff-.Sauerstoff- und Methan-Erzeugung



Wesentliche Arbeitsziele dieses Projekts waren ia Antrag von 1985
genannt- Sie sind hier noch einmal kurz zusammengestellt:
Die vorgesehenen Arbeiten lassen sich in folgende Hauptbereiche
gliedern:

- Sensibilisator und Slektronenüberträger
- Katalysator
- Systemtechnik

Die wissenschaftlichenArbeitsziele waren:ii
. i

! im n

j
- Entwicklung und Optimierung von

. Sensüilisatoren (Uni Saarbrücken, 5PFL, Hebrew University)

. Slektronenrelais (Uni Saarbrücken)
- Test und Optimierung von

. Reduktionskatalysator
. Oxidationskatalysator(Fa. Hukem)

Als technische Arbeitsziele wurden angestrebt:
- SLeproduzierbarkeitder Herstellung von

. Sensibilisatoren (Uni Saarbrücken)
. 21ekcronemüjerträger(Uni Saarbrücken)

- Psrforaancacests und Langzeitverhalten in Kombination mit
Industriekatalysatoren (Fa. Dükern)
. Stabilität
- Wirkungsgrad
Systemtechnische Entwicklungen (Mukem, Universität Saarbrücken)
- Erzeugung und Produktion organischer Oxidationsprodukte



Dia -issenschaf-Iiciien and technischen Erfolge bzw. Erfahrungen
können icur- wie folgt besehrlaben -erden:

1. Sensibillsatoran: Neue affizianca Rutheniuia-?olypyridin-om-
plaxa als Sensibilisatsran für dia hocochemische Wassarsoaicung
konntan aergestsile werden. Diese neuen Komplexe erwiesen sich
als besonders affiziant. Dia Synchasa aines neuen Krypcanden als
Complaxliganden gelang, der hohe ?hococheraisehe Stabilität des
Ru-Koaplexes verspricht.
2. Meue Relais konncan entwickelt --erden, die hocheffizianc *fas-
sarstoff entwickeln. Besonders hervorzuheben isc die Synthese
einer Sensibilisator/Halaisainheit, in. der eine Kombination von
Sensibilisator und Eiektronenraiais realisiert ist. Dia Eigen-
schartan diases neuartigen supramolakularanMoleküls zeigen die
Überlegenheit ait klassischen RutheniumKomplexen. Besonders
erwähnenswert ist, da3 dabei auch ein System hergestellt werden
konnta, bei dem auf das Relais verzichtet werden kann. Mi~ dieser
Sensibilisator/Reiaiseinheitist damit eine Verringerung der
Sinzelkomponenten des klassischen photochemischen Systems niög-
lieh, was für eine Anwendung besonders wesentlich und entwick-
lungsträchtig ist.

WasserreduJcirion

H, D

oxidativer Metchanisaus Aöb. rsduJctriverMechanismus

Wasseroxidafcion

i/i 0, + H"

1/2 ri,0 "

S~

oxidativer Mechanismus

1/2 H,0

reduJcriver Mechanismus



3. Dia Studie neuer Katalvsatargn in. homogener oder .Ttikrohetero-
gener Form zeigta, daß aaue Katalysatoren mir hoher Effizienz
ancvicielt werden konnten.. Insbesondere zur CO,-Reduktion müssen
spezialle Katalysatoren wie Ruthenium oder Osaxiuia eingesetzt
werden- Es konnca gezeigt werden, daß spezielle Katalysatorenfür
die Sauerstoffentwickiung von 3edeutung sein sollten. Die Lang-
zsits-abilicäc der Jataljsatorsn Iconncs insbesondere durch Platin
dociarta Titandioxydpartikel erreicht werden. Der Wirkungsgrad
derartiger Jatalysacoran ist dabei wesentlich erhöhe im Vergleich
zu Standard-Katalysatoren-

Schema Hethanentvicklung aus CO^ durch oxidative Desakti-

vierung.des Sensibilisators Ru(phen>3

\r\ vis

.

2+

TSOA

TZQA

Ru(phn)j Ru(phn)

3-*-

Schema MethanentwicJclung aus COj durch reduktive Desakti-

vierung "

des RuL^^-Sensibilisators

MPVS

XPVS

TEOA.

T50Aox

4. Zur- sakrifiziellen Sauerstoffan-twicklunc wurde eine neue zu-

verlässige Sauerstoffbestimmungund Analytik entwickalt. Die
entsprechende Meßanordnung erlaubt mit relativ geringem apparati-
veai Aufwand den direkten Nacnweis eines Sauerstoff entwickelnden
Systems. Weiternin konnte gezeigt werden, daß insbesondere spe
zielle Rutixeniumdioxidkatalysatoranfür die Sauerstoffantwicklung
eingesetzt werden können. Als entsprechendes Relais erwies sich
jeweils ein Kobaltsalz als geeignet. Sin neuer Sensibilisator/Re-
laiskomplex erwies sich dem klassischen Rutheniumkoiaplex als um

den Faktor 10 überlegen. Bei der Konlendioxidreduktionkonnte
gezeigt werden, daß durch Variation der Sensibilisatoren dia
Methanentwicklungin gezielter 'eise beeinflußt werden kann.
Insbesondere arvies sich die Sensibilisator/Helaisainheitals
besonders effizient. Eine Verbesserung um den Faktor 10 im Ver-
gisich mit dem klassischen System bei der Methanentwicklungkonn-
te festgestellt werden. Besonders wichtig ist, daß reduktiv ar-
beitande Sensibilsatoran zu sehr gutan Bildungsraten für die
Methanentwicklung führen.



Zusammenfassend laßt sich festsüellen: Zum Beginn des Forschungs-
Vorhabens war im Prinzip die photochemische Methode zur Sonnen
energiespeicherung an einfachen Sensibilisataren vom Typ der
Ruthenium-Komplexe bearbeitet worden. Sakrifizielle Systeme zur

Wasserstoff- wie auch zur Sauerstoffentwicklung waren vorhanden.
Sine Verbesserung dieser Systeme war aber wegen der geringen
Laistungsfähigkeit oder mangelnder Stabilität und einer Weiter
entvicklung des photochemischen Verfahrens unbedingt erforder-
lieh. In der Literatur war die photochemische Methode zur cycli-
sehen WasserSpaltung zwar publiziert worden, aber andere Arbeits-
kreise konnten die ursprüngliche Arbeit (s.u.) in keinem Fall
reproduzieren. Die Aufgabenstellung dieses Projektes war deshalb
im wesentlichen, neue Sensibilisatoren und Relais zu entwickeln,
die sakrifizielle Wasserstoff- und Sauerstoffentwicklunq kritisch
durchzuarbeiten und zu verbessern und erste Untersuchungen für
die Möglichkeit einer cyclischen Wasserspaltuna zu Wasserstoff
und Sauerstoff zu untersuchen.

lia Laufe des Vorhabens wurde die CC^^Reduktion insbesondere zu

Methan als Zusatzprojekt mit aufgenommen- Dieses Problem steht in
besonderer Beziehung zur Erwärmung der Erdatmosphäre bedingt
durch den zunehmenden CO2~G0i1a.lt (GreenhouseEffekt) .



Zusammenarbeit mit anderen Arbeitsgruppen

Zur Durchführung des Forschungsvorhabens war dia Zusammenarbeit
mit renommierten Wissenschaftlern in In- und Ausland unbedingt
erforderlich- Unsere .Arbeitsgruppe hat: dabei sie folgenden aus-

ländischen Arbeitskreisen zusammengearbeitet: mit ?riv.-Dozent
Dr. A.M-3raun von Scole politechnique fdrale de Lausanne, Ecub-
lens, Schweiz, wurden im Rahmen dieses Forschungsprojektes vor-

wiegend zeitaufgelöste dynamische Kinetiken erstellt- Messungen
wurden bei Priv.Dozent Dr. 3raun in der Schweiz vorgenommen von

K. Zangerle, E.Meyer, U.Thiery, Th.Rötsch und A.Beuerlein. Dabei
wurden, insbesondere Lebensdauermessungen und Fluoreszenz-Quench-
Experimente mit zeitaufgelöster Spektroskopie ausgeführt.
Mit der Arbeitsgruppe von Prof. Dr. I.Willner, Dept. of Org.
Chemistry, Hebrew University, Jerusalem, besteht ein langer wis-
senschaftlicher Kontakt. Prof. Willner ist darüber hinaus Unter-

auftragnehmer in dem genannten Projekt. Im Rahmen eines wissen
schaftlichen Aufenthaltes eignete sich H.P.Trierweiler die Tech
nik der CC^-Reduktion zu Methan (Ethan) an und arbeitete sich in
die entsprechende Analytik dieser Methode ein. Auch kurzseitspek
troskopische Studien wurden bei Prof. Willner vorgenommen.
Mit Dr. Mei3ner/?rof. Hemming vom Solarxnstitut Hannover wurde
eine Zusammenarbeitauf dem Gebiet der -sakrifiziellen Sauerstoff-
antwicklung realisiert. G.Heppe konnte in einem mehrwöchigen
Forschungsaufenthalt in Hannover sich in die Analytik und Nach-
weistechnik der photochesiischen O2-Entwicklung einarbeiten und
diese Technik für uns zugänglich machen.
Mit Prof. H.D.Breuer von der Universität des Saarlandes werden
Lebensdauermessungen von lumineszierenden Ruthen!um-Komplexen
durchgeführt- Diese Messungen dienen zu ersten Informationen über
neue synthetisierte RutheniumKomplexe,d.h. Sensibilisatoren.
Weitere Kontakte bestehen mit Prof. Schaffner, Max-?lanck-
Institut, Mülheim; Prof. M. Hanack, Universität Tübingen.



PHOTOCHEMICAL SYSTEMS FOR THE UTILIZATION

OF SOLAR LIGHT ENERGY IN THE PREPARATION
OF FUELS .AND CHEMICALS

Submitted by Professor Itamar Willner

Conclusions

We have applied various electron donors in photosensitized H--evolution
processes- THe unique characteristic of these donors is the fact that they
are not destroyed in the photochemical transformation, and there exists a chemica
route to regenerate the electron donors from the photoproducts. Thus, the
basic principle where photosensitized electron transfer reactions can e used
in fuel cells has been demonstrated. It should also be noted that many other '

substrates can regenerate chemically NADH and therefore various other substrates
could be anticipated to act as donors in such photochemical transformations.
Of particular interest is the fact that the donors used in this study are

biomass products, and thus routes to evolve H, from such waste products can
be envisaged. It should also be noted that means to regenerate NAD from
NADH are of substantial biotechnologicalinterest in the field of cofactors
regenerations. Our studies present a novel approach whereby photochemical
regeneration is presented.

We thus conclude that molecular mechanics calculations allow us to

predict the redox properties of bipyridinium electron relays. This allows us

to lailor the structurai properties oi" electron relays and concomitant

as5Cs.vnie:H of their electron transfer quenching properties and subsequent
utility in electron-transfer transformation. prior to tedious synthesis.
Furthermore, our studies ailow us to estimate the inductive effects of

bubstituents on rcdox potentials. Studies that correlate such inductive

effects of substituants on the reduction potentiais with Hammer: parameters
arc under wav in our laboratory



- Füllen Sie nur die weißen Felder aus.
- Die roten Linien in den weißen Feldern markieren die Angaben oderden Textbeginn.
- Verwenden Sie bitte eine der angegebenenSchrifttypen:
OCR-B, COURIER10, PRESTIGEELITE 12, PICA 10.

- Schreiben Sie mit einer lOer-Schrittschaltung(12er-Schritt bei PRESTIGE ELITE 12)
und 1 V2zeiiig.

- Verwenden Sie bitte nur Einmal-Kohleband. Das Schriftbildmuß schwarz sein.
- Für die Angabe Null" nicht den Buchstaben o" bzw. 0" verwenden.
- Korrekturen mit Korrekturbandausführen (kein Tipp-Ex verwenden).

Jahresbericht BMFT/PBE

Programm
Energieforschung und Energietechnologiender BundesrepublikDeutschland

qqPiQ iForderschwerpunkt:

qqP2Q

qqP3Q

qqP4Q

LPS-Nr.:

Teilaktivität:

Projekt:

Solarinduzierte Redoxreaktionen in homogenen Systemen zur Hasser-
Stofferzeugung

qqP5Q Laufzeit: qqP6Q lProjekt-Nr.:"03 - 8686 A"
qqP7Q Durchführung: Arbeitsgrüppe Pfof. Dr. H . Dürr:

Dipl.-Chem. U. Thiery, H.P. Trierweiler, T. Rötsch, A. Guldner,
A. Beuerlein, H. Kraus, G. Heppe

qqP8Q Verantworte Leiter: Pro?._ DrTHetnz DITFr, FS 13 Orq. Chemie
Universität des Saarlandes, 6600 Saarbrücken

qqP9Q tUnterauftragnehmer:

qqGU S >

PBE Projektträger für das Biotogie-, Ökologie-und Energieforschungsprogramm. KFA JüUch GmbH
D-5170JMch Postfach 1913 - Trielon 02461 /S10 - Tetex 833556-W d



Projekt-Nr.: | 03 E - 8686~A~

Projektbeschreibung:

Ziel der photochemisehenWasserspaUung ist es, mit Hilfe des Sonnenlichtes

Wasser in Wasserstoff und Sauerstoff zu spalten. Der entstehende Wasserstoff

stellt einen speicherbaren cheischen Energieträger dar, der vielfältig einge-
setzt werden kann. Da Wasser die auf der Erde auftreffende Sonnenstrahlung nicht
absorbieren kann, ist ein Sensibilisator notwendig. Dieser wird durch das Son-

nenlicht in einen energiereichen Zustand angeregt und leitet mit Hilfe der auf-

genommenen Energie eine Elektronentransferreaktion ein, die zur Spaltung des

Wassers führt. Als Sensibilisatorenwerden Rutheniumkorapi exe sowie zur Elektro-

nenübertragungElektronenrelais, wie z.B. Methylviologen, eingesetzt. Durch zu-

sätzliche Verwendung von Platin- und Rutheniumoxidkatalysatoren werden kineti-

sehe Hemmungen aufgehoben. Zur Optimierung dieses Systems ist die Synthese
neuer Verbindungen zu entwickeln, die sich durch größere Stabilität und oessere

Red-Ox-Eigenschaftenauszeichnen sollen.

Im Jahr 87 wurden weitere heteroleptische Rutheniurakoraplexe vom Typ RuCL^t-'Cl^
(L,L'=Ligandenmit Ferroinstruktur) synthetisiert. Diese wurden zusammen it den
im Vorjahr dargestelltenKomplexen hinsichtlich ihrer photocheroisehen Eigen-
Schäften charakterisiert.Neben der Geschwindigkeitdes E1 ektronentransfers

wurden die Quantenausbeuteder primären Photoredoxreaktion, Photostabilität und

Redoxpotentiale untersucht. Die Eignung zur photochemischen Wasserreduktion
wurde im sacrifiziellenSystem festgestellt.
Als neues Teilprojekt wurde mit der Untersuchung verschiedener Katalysatoren
begonnen. Es wurden quasihomogeneund mikroheterogeneSysteme vermessen. Als

quasi homogene Katalysatorenwurden mit Polyvinylal kohol stabilisierte kolloida-

le Lösungen von Ruthenium, Osmium und Platin eingesetzt, öle Effektivität der

Katalysatoren nahm in oben angegebener Reihenfolge zu. Als Erikroheterogene
Systeme wurde mit unterschiedlichenMengen Platin belegtes amorphes Titanoxid

studiert.

739.948, iForderantetldes Bundes: 1 100 j %? q Q4 Qa
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Ziel der photochemischenWasserspaltung ist es, mit Hilfe des Sonnenlichtes
Wasser in Wasserstoff und Sauerstoff zu spalten. Der entstehende Wasserstoff
stellt einen speicherbarenchemischen Energieträger dar, der vielfältig einge-
setzt werden kann, üa Wasser die auf der Erde auftreffende Sonnenstrahlung nicht
absorbieren kann, ist ein Sensibilisator notwendig. Dieser wird durch das Son-
nenlic&tineinen-eacgjereichen Zustand angeregt und leitet mit Hilfe der auf-
genommenen Energie eine Elektronentransferreaktion ein, die zur Spaltung des
Wassers führt. Als Sensibilisatoren werden Kutheniumkotnplexe sowie zur Elektro-

nenübercragung Elektronenrelais, wie z.B. Methylviologen, eingesetzt. Durch zu-

sätzliche Verwendung von Platin- und Rucheniumoxidkatalysatoren werden kineti-
sehe Hemmungen aufgehoben. Zur Optimierung dieses Systems ist die Synthese
neuer Verbindungen zu entwickeln, die sich durch größere Stabilität und bessere
Red-Qx-Eigenschaftenauszeichnen sollen.

Im Jahr 87 wurden weitere heteroleptische Rutheniurakomplexevom Typ RutLKL'Cl
(L,L'=ligandenmit Ferroinstruktur) synthetisiert. Diese wurden zusammen mit den
im Vorjahr dargestellten Komplexen hinsichtlich ihrer photocheraisehenEigen-
Schäften charakterisiert.Neben der Geschwindigkeit des El ektronentransfers
wurden aie Quantenausbeute der primären Photoredoxreaktion, PhotostabilHat und

Redoxpotentiale untersucht. Die Eignung zur photochemischen wasserreduktion
wurde im sacrifiziellenSystem festgestellt.
Als neues Teil projekt wurde mit der Untersuchung verschiedener Katalysatoren
begonnen. Es wurden quasihomogene und rikroheterogene Systeme vermessen. Als

quasihomogene Katalysatorenwurden mit Polyvinylalkohol stabilisierte kolloida-
le Lösungen von Ruthenium, Osmium und Platin eingesetzt. Die Effektivität der

Katalysatoren nahm in oben angegebener Reihenfolge zu. Als mikroheterogene
Systeme wurde mit unterschiedlichenMengen Platin belegtes amorphes Titanoxid

studiere.
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STUDIES OF ELECTRON TRANSFER-REACTIONS IN WATER-REDUCING
SYSTEMS

H. Dürr*, A. Beuerlein, St. Boßmann

FB 13.2 Organische Chemie

Universität des Saarlandes, 6600 Saarbrücken, Germany

Electron transfer reactions play an important role in elemen-

tary processes of water reducing systems using visible light.
The evolution of hydrogen and oxygen from water with Ru (II)

complexes (e.g. Ru(bpy)3Cl2) and electron relays (e.g. methyl-
viologen) are thermodynamically possible, but kinetically hin-

dered; the electron transfer from the reduced relays to water

is kineticallysluggish. Using several catalysts it is pos-
sible to obtain good yields of hydrogen or oxygen.

Optimized water reducing systems by using several catalysts and

by changing the pH of the solution in quasihomogeneous and

microheterogeneoussystems will be presented.

An investigationof interactions between Ruthenium-sensitizers

and TiO2-particlesadsorbed on the surface of SiO2 colloid will

be shown as well.



-P63-

ROUTES AND FIRST RESULTS TO NEW SÜPRAMOLECULAR COMPLEXES

APPLIED IN PHOTOELECTRON TRANSFER PROCESSES

H.Duerr*, K.Zengerle, H.P. Trierweiler, R.Schwarz

FB 13.2 OrganischeChemie

Universität des Saarlandes, 6600 Saarbrücken, Germany

Podands, coronands and cryptands containing 2,2*-bipyridine
units were synthesized.
The aim of these synthetical developments'is the prevention of

light induced photodissoziationof Ru(II)-polypyridines. These

complexes act as seixsitizers in artificial photosynthesis.

^

The Ru(II) compound of 1 does not exhibit any luminescence at

room temperature. At 77K luminescence can be observed depending
on exitation wavelength. Intermolecular quenching does not

occur at room temperature, which was shown by Stern-Volmer

experiments- The luminescenceintensity neither of Ru(bpy)3^"*"
nor Ru(bpz)3^"*" decrease by addition of ^ to both sensitizers in

aqueous solution. That means that 1 does not act as quenching

compound.
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