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Abstract 

Excitation of four unsymmetrically substituted tungsten tris( dithiolenes). in various solvents with 3.55 nm laser pulses produce weak but 
easily measurable transient absorptions. The four complexes used are characterized as photocataly+catalysts (PC-C) for the photodecom- 
position of water and their names are tris-] I-(4dimethylaminophenyl)-2-phenyl-I .=-ethylenodithiolenic-S,S’] tungsten. tris-[ I-(4methox- 
yphenyl)-2-phenyl-I ,2-ethylenodithiolenic-KS’] tungsten, tris-[ I-(~-methox~-phenyl )-I,?- ethylenodithiolenic-S,S’] tungsten and tris-[ I- 
(phenyl)-I.?-ethylenodithiolenic-S,S’]tungsten, The lifetimes of the transient absorptions observed are lon_g. persisting into the millisecond 
time domain. In acetone--water, and in the presence of MV’ ’ there are at least two tranGents. one corresponding closely to the known spectrum 
of MV ’ assigned tn the hydrogen precursor. the other living much longer and assigned to the O1 precursor. The results indicate that the 
electron i\ quickly removed from the excited state of the photocatalyst-catalyst and is temporarily stored in the electron acceptor. in a way 
that is unfavorable to recombination. The tirst sta.ges of the process can be schematically represented as: 

if,, 
~lV’+--(W-L)--OH2-,MV’+--(W -L’)--CH+MV” --( W-L)--+OH?-,H?+( W-L)+O?. 

The dotted lines connecting the reagents with the PC-C (V&-L) w’ere put in this scheme in order to emphasize the supramolecular nature of 
the interactions. The opposite charges created by light absorption are quickly transformed into repulsive positiv,e charges due to the presence 
of the electron acceptor MV’ ’ and two centers are created. two molecular diameters apart, one the precursor ofthe HZ, the other the precursor 
of 0,. The combination of a small space separation charges and of the electrostatic factor (transformation of these charges into repulsive 
ones) are perhaps crucial f;lctors in the xeparatiun of the reduction from the oxidation. However. there is also a kinetic factor. The reduction 
is quick, irreversibly leadin, D to H, nut to recombination. The splitting of water is time resolved. The reactions at the reduction end of the 
supramolecular complex (presumably because the involve fast proton and electron transfers) lead fast and irreversibly to H2 formation. 
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Kryrr-ortls: Photophysical study: Vrzihlr light: Tunpsten tris( dithioleneh) 

1. Introduction 

The photodecomposition of water (reaction 1 ): 

I,< PC‘-c 

2H,O + 2H,+O,. 
k.A 

(1) 

is a combination of oxidation ( to 0,) and reduction (to H,). 
The kinetic stability of the resulting thermodynamically 
unstable system is achieved at the final stages of a complex 
reaction mechanism. namely after the formation of the bonds 
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of the diatomic products. Following the absorption of light. 
and until this state of kinetic stability-thermodynamic insta- 
bility is reached. the system remains kinetically unstable too. 
Oxidation and reduction intermediates tend to react with each 
other and return the system back, with an associated dissi- 
pation of the absorbed energy in a degraded form. 

The obvious strategy to avoid interaction betweenoxidized 
and reduced intermediates is of course to separate them. This 
is exactly what Nature is doing in photosynthesis by trans- 
porting and transferring electrons, protons, ions and mole- 
cules within the large multicomponent photosynthetic 
systems [ l-31, In photosystem II. the electrons end up in a 
quinone and do not return to react with the O2 producing 



intermediates. The reduced quinone is instead remo\.ed fur- 
ther and through a system known as cytochrome b,f. the 
electrons are transferred to the region of photosystem I, where 
they are used to reduce NADP ’ . and e\,entually carbon diox- 
ide. The effective separation of charges is in fact completed 
at the early stages of this complex process, within 3 ps after 
photoexcitation ( in bacterial photosyn .hesia). 

In contrast to photosynthesis. the known non-biomimetic 
photocatalytic system [ 3.51 is homogenous and has only two 
components (apart from the acetone-water solvent) the pho- 
tocatalyst-catalyst (PC-C) and the revzrsibleelectron accep- 
tor (EA) There are no separate photosensitisers. antennas, 
catalysts, membranes. relays or other organized regions. How 
then can such a simple system overcome the period of kinetic 
instability’? The photophysical experiments described in this 
paper provide some clues towards an answer to this vital 
question. 

The complexes investigated as photocatalysts-catalysts 
(PC-C) are trigonal prismatic tungsten (trisjdithiolenes. of 
‘reduced’ symmetry (R # R’ in formula I). 

Ia R-p-MeOPh R'-Ph 
Ib R-p-He2NPh R'-Ph 

Ic R-Ph RI-Ii 
Id R-p-HeOPh RI-H 

Complexes la and lb are thermally and photochemically 
stable and efficient in driving reaction ( I ). as reported pre- 
viously [ 4-6 1, Complexes Ic and Id are unstable and ineffi- 
cient; they were investigated for comJ)arison purposes. 

The reversible electron acceptor (EA) mostly used is 
methylviologen (MV’+ ). but some experiments were also 
carried out with dibenzylpyridine (D’>’ ’ j (vide infra). The 
ability of MV’ ’ to form complexes ( interact) with neutral 
species is known from the early litenture [ 7-10). Pre-com- 
plexation with Ia, in particular. has been documented [ 4). 

2. Experimental 

The synthesis of complexes I has b’zen reported previously 
[ I I ] Experiments were done with and without MV” ( 1. I ‘- 
dimethyl-4,4’-bipyridinium dichloride) or DP’ ’ ( I. I ‘- 
dibenzyl-3,4’-bipyridinium dichloride) added. In the mixed 
solvent acetone-water (70:30 or 80:20). both the photoca- 
talyst-catalyst (PC-C) and the reversible electron acceptor 
(EA) have sufficient solubility. In the experiments with PC- 
C only. there is no need for a mixed solvent system and the 
experiments could also be done in dichloromethane and pure 
acetone. All solvents were of spectroscopic quality. Com- 
mercial MV” (Aldrich) was recrystallized from pure eth- 
anol and dried for 5 h at 70°C. All solutions were prepared 
by dissolving the appropriate amount of complex in the 
desired solvent to give typically a 5 X IO ’ M solution. The 
solutions were degassed by bubbling with oxygen-free NL. 

which was passed through acetone, in order to saturate it in 
acetone vapor and prevent depletion of the mixed solvent in 
acetone. At higher water content. there is always the possi- 
bility for precipitation of the neutral PC-C. For complexes 
la and lb. there is no evidence of decomposition. Complexes 
Ic and Id are thermally stable, but partly decompose during 
the illumination. 

The pulsed laser photolysis experiments were carried out 
with an actively mode locked Nd Y.4G laser. using pulses of 
around 5 m.l. at 355 nm. Complex la was also studied with 
excitation at 330 nm with an OPO laser. with 3 mJ pulses. 
Up to I6 pulses were averaged for each point ofthe spectrum. 
The deaeration was done once at the beginning of this 
sequence. In some experiments however, it was done contin- 
uously throughout laser excitation. The excitation beam 
pas\ed through I cm of solution; the analyzing light was 
focused through a pinhole approximately I mm from the front 
face of‘ the cell. The path length of the analysing light was 
0.5 mm for all the excitation wavelengths. The data acquisi- 
tion and handling system included a Tektronix 2130A oscil- 
loscope. monochromator (bandpass 38.4 nm). photo- 
multiplier and optical cutoff filters (of 350 and 410 nm). 
Interference filters were used in order to avoid exposing the 
solution to UV light. The observation of the transients was 
always carried out perpendicular to the exciting pulse, using 
a I50 W Xe lamp source. Corrections for ground state bleach- 
ing effects were not made. The OPO laser. could be tuned 
from 320 to 450 nm. The reproducibility of the transient 
spectra was tested using fresh solutions. 

Because of reaction ( I ), there is a spectacular gas evolu- 
tion upon laser excitation, which introduces some additional 
noise, particularly at longer acquisition times. 

3. Results 

In the absence of MV’~* excitation of complexes I by the 
355 nm pulses produces weak but easily measurable transient 
absorptions ( Figs. 1 and 3). The blase line is set in each case 
with the highly absorbing initial solution. Thus. even a small 
apparent transient OD means high absorptivity of the inter- 
mediates: it corresponds to absorb,ance above that of the PC- 
C. For the same reason, the positions of the observed maxima 
ar-e expected to be somewhat shifted in relation to the real 
ones. The spectra of the complexes are given in Table I. 

The transient peaks for complex la are shown in Fig. I. In 
dichloromethane (Fig. la), there is a broad nonsymmetric 
peak with a maximum at ca. 365 nm. In pure acetone the 
appearance is similar ( Fig. 1 b). except that now the whole 
absorption is shifted to longer wavelengths, as expected for 
a solvent of higher dielectric constant (acetone 10.7. dich- 
loromethane 9. I ) In acetone-wal.er ( Fig. Ic). there is a fur- 
ther bathochromic shift. a broadening because of the water 
and a decrease in intensity, by approximately a factor of two. 
With complex Ib in acetone:water (70:30), the maximum is 
at 375 nm ( Fig. 2 ). 



+ Time Delay: 6~06s 
+ Time Delay: 5e-05s 
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Fig. I. .Abhorption resulting from the 355~nm laser tlahh photoly& of deaerated solution\ containing 5 Y IO -’ M of complex la (a) in pure CHICII, time 

del‘lys: l lXIO-“,.IXIo i \. A I X IO ’ h: (h) ill pure acetone. time delays: + I X IO ’ 5. 01 X IO ‘5. AI X IO ’ 5: (c) in acetone:water (70:30), time 
delayx •6XIo~“~,.sXICl~i,,A5XI0 aS. 

Fig. 2. Absorption rchulting t’rom the 355.nm I;LW llash photolysk otdeaer- 
atsd bolutions containmg 5 X IO ’ M of complex lb. in acetone:watsr 

(80:?01. Time delays: + I X IO ’ 3, @I X IO ’ S, A I X IO ’ h. 

The kinetics in pure solvents. and as a matter of fact 
throughout this investigation, do not generally fit simple tirst 
or second order rate laws, but it is interesting to note that at 
short times (between 6X IOWh and 5X lo-’ s in Fig. lc), 
the transient still builds up and the dec,ly dominates after 
times of the order of20 ms. (Fig. I a). It should also be noted 
that in acetone-water. the decay is faster by more than one 
order of magnitude compared to the other solvents. 

In the presence of MV’+, all experiments were done in 
acetonewater (70:30 or 80:20) except in the experiments 
presented in Fig. 5 where ethanol was also added. For com- 
plex la, there are two peaks now in the 350-420 nm range. 
sharper and more intense ( Fig. 3a) compared to those in Fig. 
I, and another one at ca. 5 10 nm. The two peaks at 350320 
ntn do not belong to the same species because there is a 
marked difference in the rate of decay (Supplementary Figs. 
SlLS8). The short wavelength peak (360 nm) decays with 
rates comparable to those in the absence of MV’+ (Fig. 1 c), 
but the corresponding intermediates are not the same: the 
peaks differ in width and in the position of the maxima. The 
peak at 5 10 nm seems to decay simultaneously with the peak 
at 390 nm and much faster than the peak at 360 nm, as shown 
by the spectra at different delay times (Fig. 3 ) : they are both 
assigned to complexed MV +*. 

In reduced viologen aggregates. MV” is known to give 
enhanced absorptions in the ca. 450-500 nm range [ 12,131. 
MV” alone without the photocatalyst--catalyst gives a small 
peak [ 13. I5 ] when it is irradiated at 33'1 or 248 nm in aqueous 
or methanolic solutions, but this is only 1% of that obtained 
in the presence of the dithiolene complex, and was 
disregarded. 

increase of the initial MV’ + concentration from 0.5 to 5 
mM causes a small increase in the intensity of the maxima. 
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The absorptions observed here resemble those ofthe MV +- 

in the mixed solvent reported in Ref. [ 161 (maxima at 395 

and 605 nm), but they are not identical: they are shifted to 

shorter waLelengths (390 and 5 IO nm) presumably because 

of the presence of the photocatalyst-catalyst. There are other 

peaks too. in the viGble. with intensities just above noise; 

they seem real but their assignment is not considered safe. at 

this stage. Thus, there seems to be at least two transients in 

the presence of MV’ _. neither of them identical to that 

obtained without MV’ ’ : the slower decay absorbing at 360 

nm, the faster decay absorbing at 390 and 5 IO nm. 

k.citation of complex Ia at 532 nm does not produce tran- 

sients. Excitation at 420 nm still gives transients. but it was 

not invcstigatcd further. ( See Section 4 for the corresponding 

electronic transitions) 

lising DP’ * instead of MV’ ’ leads to analogous results. 

The peak at 100 nm and the associated smaller peal\ at 380 

nm ( Fig. 3b) cot-responds to the 360 nm peak in Fig. 3a, and 

the pcahs at 420 and 5 10 nm to the 390 and 5 IO nm peaks, 

bnm 

ot 
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respectively. There is again a number of smaller broad peaks 

in the 450-500 nm range [ 12, Ii 1. 

The tranGent spectra of complex lb in the presence of 

MV’ ’ in acetone:water 80:30 are giv2n in Fig. 4. Again. 

there is a fast path involving interacting MV -- free rudical. 

at 390 nm. but its observation requires higher initial MV’- 

concentrations. There is also a bleaching at short wave- 

lengths. At short delays. the presence of the 390 nm peak 

- l Time &lay: lr.055 
m- *Time Delay: 7.5+0-k 

*Time Delay: Ir-03s 

results in a decrease in the observed bleaching. which is 

maximized when this p2ak disappears. At longer times. the 

negative absorbance diff2rence decreases and tends to zero: 

the tint2 ~a12 for this process is slow. of ‘.he order of 10 ms. 

Excitation of lb at 430 nm still shows transients. similar to 

those of Fig. 4. accompanied by bleaching at short wale- 

lengths and the appearance of a longer lasting peak at 470 

nm. 

Previous experiments showed that addition of ethanol to 

the mixed solvent incrsases the yield, without destroying the 

PC-C [ 6 1. In order to get more information about this effect, 

we repeated the flash photolysis experin-ents with complex 

Ib. in a three-component mixed solvent. The results ar2 sum- 

mari72d in Fig. 5. 

The results of the flash photolysis exp2riments for com- 

plcxes Ic and Id in the presence of MV” are illustrated in 

Fig. 6. There seems to be no qualitative dir‘ferences compared 

to the other complexes. Again. there is a faster decaying 

transient at ca. 400 nm for Ic (Fig. 6~) and 395 nm for Id 

( Fig. 6b). and a prrsictent broad (probably overlapping) 

absorption in the 120-540 nm range. ;,nd at 390 nm for 

complex Id. 

In IQ, 6c. the initial solution of Id contained oxygen ( par- 

tial deaer-ation ), which is known to cause destruction of the 

complexes during illumination [ 4 1. There seem again to be 

l l’ime Delay: 5e46s 
-Time Delay: Ir-05s 
-Time Delay: k-045 

knm 



no signiticant qualitative differences, other than the small 
short wavelength bleaching at long times and the wavelength 
nonspecific steady increase at short times and long 
wavelengths. 

4. Discussion 

In view of the long build up and dec:y times, the transients 
observed in the presence or absence of MV” + or DQ’ l cannot 
be assigned to a primary excited state of the dithiolene. It 
should also be recalled that there is nc indication for a radi- 
ative excited state. since all attempts to detect light emission 
have failed [ 4,5 ] 

In the continuous irradiation experi nents [ 41, the forma- 
tion of an intermediate complex was postulated, symbolised 
as HO-C-MV” (C is the dithiolene ), followed by the for- 
mation of an oxidized form, symbolized as O-C. The flash 
photolysis experiments seem to provide direct support for the 
formation of such species and clarify f’urther their role. 

In the presence of MV’+. two transients are clearly 
observed. absorbing more than the highly absorbing original 
dithiolene. These transients can be diainguished from each 
other not only by their spectra but also by their decay times. 
Even though the kinetics are not simple tirst or second order, 
the delay times (Supplementary Figs. S 1-S8) over which 
the peaks survive provide a semi-quantitative lifetime. 

With complex Ib, there is also the bleaching at short wave- 
lengths and short times, which can be attributed to ground 
state depletions. In this case, the short’iving transient absorbs 
less in the short wavelength range. but then when it is trans- 
formed into the second. longer living, intermediate the 
absorption tend to become more like that of the original PC- 
C. The time scale for this process is IO ms, which is compa- 
rable to the lifetimes of the second transient. 

It is proposed that the faster decaying transient, the spec- 
trum of which resembles that of MV *. is the hydrogen gen- 
erating species. At this stage. elecron transfer from the 
excited PC-C to the acceptor has aIreddy occurred. Thus, the 
primary productive act can be formulated as follows: 

II lb 

H20- - -Ma - -W2+ =+ 
H20-- .a---MV+. 

llla lllb 

(2) 

where II represents a supramolecular complex formed in a 
pre-equilibrium between the photocatalyst-catalyst. water. 
and MV’ +. Evidence for this equilibrium has been reported 
previously [J.5]. The pre-equilibrium eliminates the need 
for diffusion-controlled or slower encounters, and can be 

considered to involve formation of a special mini supramo- 
lecular system. 

The effect of a mild donor like IEtOH is to facilitate the 
accumulation of the bound to the PC-C. free radical MV+’ 
and consequently the reduction. Experimentally. we observe 
enhancement of the 300 peak (for the complex Ib), and 
bleaching at longer times. 

Pairs of square planar anionic metal dithiolenes with 
MV”+ and other cationic bipyridines are strongly dissociated 
in DMSO and DMF solutions [ 17 1. In the neutral-positive 
ion combination (II), the interaction and association of the 
partners is expected to be much weaker. Yet, it is sufficient 
for an effective electron transfer. The situation resembles that 
of the special pair (excited donor) -accessory bacteriolchlo- 
rophyll (bridge). i.e., the interaction controlling the first 
event in bacterial photosynthesis [ l-3]. It is also noted that 
the ion pair charge transfer peak in the dithiolene anion- 
MV’+ pairs appears at 773 nm in DMSO [ 171 and it is weak 
( E = 40 M ’ cm ’ ) In our case, this peak is expected to be 
shifted to higher-energies. and be covered by the huge absorp 
tions of the PC-C. 

The excitation in Eq. (2) has been presented as a ligand- 
to-metal charge transfer. There seems to be no doubt about 
that anymore 1 18 1. 

The separation of the positive charges in Eq. ( 2) is obvi- 
ously more efficient than the usual inhibitive positive-nega- 
tive ion-pair separation. The PC-C is neutral, the electron 
acceptor positively charged; after the transfer of the electron 
fKJm the excited state to MV’ -, two single charged positive 
ions are formed. Hence, long range electrostatic attractions 
are not possible and there is no need to consider the electro- 
static barrier due to the separation of opposite charges. as in 
organic photochemistry and in photosynthesis. The intrasu- 
permolecular electron transfer from the donor excited state 
to the electron acceptor should probably take place within the 
nanosecond time scale or even faster. Such super fast electron 
transfer processes occur in photosynthesis between bulkier 
entities [ I-3]. 

Fast proton transfer follows, leading to irreversible H2 for- 
mation. The details of this step are not yet known. One pos- 
sibility is the follovving intramolecular process: 

H 
I 

H20- - -MS - -M”+~+H; - -ME- _ _ -Ml,+ 

-4 H2+0M =3)+ MV2+ 

IV 

(3) 

Intermediate IV has been postulated [4 1 to undergo further 
bimolecular reactions leading to 0, formation and regenera- 
tion of the catalyst, On a shorter time scale, recombination of 
IV with reducing species does not seem to occur because of 
this fast irrev,ersible formation of H,. The transient absorp- 



tions at 360-380 nm (complex la). 475 nKl (complex lb ). 
380 nm (complex Ic) and at 500 nm (complex Id), as well 
as the bleaching in Fig. 3 and 5 seem to be related to species 
IV. 

Several irreversible oxidations of dithiolenes and other 
sulphur compounds leading to oxygen-containing species 
have been reported [ 19-12 I. and there is a huge literature on 
molybdenum and tungsten oxotransferases and on the cor- 
responding model systems [some recent review?s in Rel‘s. 
[ 23-171 1. However, in view of the highly delocalized 
electron distribution of the complexes investigated here 1 I8 ]. 
one should be cautious in specifying the site of the oxygen 
atom attachment in intermediate IV. 

Reaction (1) is probably also taking place: 

both in the absence and in the presence of MV’+ The long 
living transient (the positive hole) is also observed in the 
absence of NIV’+ ( Figs. I and 2). but also in the presence 
of MV’ ’ at short delay times, before the decomposition of 
the short living transient, Reaction (3) is e:;sentiaIly similar 
to reaction (2). with another acceptor molecule instead of 
MV’+. In recently reported electrochemical data [ 1 I 1, evi- 
dence for positive ions was not included. However, more 
careful experiments show a positive ion at E,,?= I.210 V. So 
there is some direct evidence too for the postulated ( Eq. (4 ) ) 
positive ion formation here. 

A mechanism consisting mainly of reactions ( 2 )-( 4) is 
not expected to give simple kinetics. 

The broad peak in the absorption spectra of the ground 
state of the PC-C around 400 nm [ 161. believed to be the 
active one in water splitting. does not correspond to the 
HOMO-LIMO transition. In the neutral dithiolenes. it has 
been assigned [ 281 to two transitions e’-+a, and a7”+a,, 
both ending up in the metal-like LIMO a,. but originating 
in two ‘inside’ (below the HOMO) ligand centered orbitals. 
Within this context. it is interesting to note that certain tran- 
sient spectra have unsymmetrical, non-Gaussian. peaks, 
(Figs. I. 3 and 3). A possible explanation is that the holes 
staying behind. after the removal of the electron in the pho- 
tochemical process, are of two kinds. It is not known if there 
is interconversion and/or differentiation in their chemical 
behavior. but it is noted that neutralization of the initially 
formed electron hole must necessarily take place by cascad- 
ing or by jumping over the intervening energy levels. 

The broadness of the peak at ilO0 (and 1:lsewhere) is cer- 
tainly partly also due to the iluxionality ofthe tris-dithiolenes 
and the presence of a mixture of cis-trnrzs Isomers 129 ] The 
unsymmetrical nature of the ligands in the active PC-C is 
also expected to cause a further increase in the number of 
electronic levels involved in the transitions. by splitting the 
degenerate ones. Thus, we have a multiplicity of effective 
electronic transitions. and this must be related to the high 
observed yields [ 6 ] 

5. Conclusions 

The photochemical data reported in this paper show that 
the reduction and oxidation of water implied in reaction ( I ) 
are kinetically separated, and that there ii; no need for large 
space separation in space by membranes. vectorial or other- 
wise. The reduction, namely the transfer of the electron to 
water i\ much faster than the oxidation. that is the transfer to 
water of the hole. If this hole transfer is inhibited. the catalyst 
is sub.ject to destruction, and the efficiency of water splitting 
is low. 

The data are consistent with a mechanism involving tran- 
sient formation of MV” . and differentiates between ‘free’ 
(bulk) and ‘complexed’ MV”. The former is associatedwith 
low yields and instability (especially in the presence of 02), 
the latter to high yields. 

The time scale of the events monitored here is much longer 
than the lifetime of an ordinary excited state. There is plenty 
of time for back reaction and deexcitation. Yet, these proc- 
esses do not seem to compete effectively with electron trans- 
fer leading to water splitting. One reascn may be that after 
the transfer. both the oxidized donor and the reduced acceptor 
arc positively charged. and there is no coulombic barrier for 
their separation. 

Finally, there is evidence that there are more than one 
effective excitations. 
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