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Summary

Irradiation by visible light of a neutral aqueous solution containing Ru (bipy)}*
as a sensitizer, methylviologen (MV*2) as an electron acceptor and triethanolamine
or cysteine as an electron donor leads to the formation of stable methylviologen
radical cation (MV*). The kinetics and mechanism of the photoinduced reactions
occurring in such a system were explored by laser photolysis technique. In the
presence of Adams catalyst MV™' is reoxidized by water under simultaneous
evolution of hydrogen. Optimum conditions for the water reduction under
continuous illumination are elaborated and implications for an energy conversion
system discussed.

Introduction. - Considerable effort has recently been directed towards finding
chemical processes that are capable of quantum storage of light energy [1]. An
attractive system to consider is the photoredox reaction

hy
A+S = ST+ 4" (1)
A

where S stands for the photoactive sensitizer and A for the electron acceptor. The
two components A and .S may be selected such that in aqueous solution hydrogen
and oxygen evolution becomes feasible.

A"+H,0 —» Y H,+OH +4 ()
2D*+H,0—> 2H*+1 0,4+ D (3)
For kinetic and mechanistic reasons, these processes either do not occur

spontaneously or they proceed at a very low speed. Furthermore, complications
may arise from side reactions of A~ and D" resulting in a rapid deterioration of the
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system. In these cases, suitable redox catalysts may preferably be added to the
solution which are capable of mediating the complex electron transfer reactions
leading to hydrogen and oxygen formation, respectively. Shilov et al. have shown [2]
that the reduction of water vig reaction (2) can be promoted by redox catalysts such
as finely dispersed Pt. A similar mechanism has been claimed to be operative in a
hydrogen evolution system described recently by Lein & Sauvage [3] although in
this case the oxidation state of the Pt catalyzing the decomposition of an inter-
mediate hydride could not be specified. Recent investigations in our laboratory {4]
have shown that oxygen evolution from water via reaction (3) can also be mediated
by a suitable redox catalyst.

In the present work, we shall be concerned with the dye sensitized reduction of
water using PtO, (Adams catalyst) as a redox catalyst. Tris(2,2’-bipyridine)
ruthenium (II) (Ru(bipy)}*) was employed as a sensitizer and methylviologen
(MV2*) as an electron acceptor. A third component (DH), i.e. triethanolamine or
cysteine, was added to the solution which reduces the sensitizer cation according to

DH+S*—>»S+D+H"* C))]

and thus prevents the thermal back transfer of an electron from A~ to D7
(see eq. (1)). The purpose of this paper is to study, by means of laser and steady
state photolysis techniques, the detailed nature of the redox events occurring in
such a system in order to determine the optimum conditions for hydrogen evolution.

Experimental Part. - Ru(bipy);Cl; was kindly supplied to us by the institute ‘G. Ciamician’,
Bologna, Italy. Methylviologen (Ferak, Berlin) was used without further purification. Deionized water
was first distilled from alkaline permanganate and subsequently twice from a quartz still. 4dams’
catalyst (PtO, for dehydrogenation) was obtained from Fluka. All other substances were analytical
grade and were used as supplied by the vendor.

Continuous irradiation experiments were carried out using an Osram XBO-450 watt lamp as a light
source. A 400 nm cut-off filter was placed in the beam to eliminate UV. wavelengths. A gas
chromatographic method was employed for hydrogen detection. The instrument used was a Becker 419
(H.P.) chromatograph with a Carbosieve S (activated charcoal) 80/100 column supplied by Supelco Inc.
(USA). which was run at 40°. A thermal conductivity detector was used for the identification of the
gases.

Laser photolysis experiments were performed with a J. K. 2000 frequency doubled neodymium
laser. The Q-switched pulse had a duration of 15 ns and an energy of ca. 100 mJ. Transient absorptions
were detected by fast kinetic spectroscopy. The details of this method have been published elsewhere
[5]. All samples were free from oxygen by flushing with helinm.

Results and discussion. - i) Laser Experiments. The excitation of Ru(bipy)}*
with the 530 nm light pulse leads to the formation of a M L-charge transfer excited
state [6] which has triplet character (Ru(bipy);**). This state exhibits strong
reducing properties [7]. Thus, in acetonitrile solution, it is capable of reducing
methylviologen [8] according to the equation

Ru (bipy)3™ + MV*+ — MV* + Ru (bipy)3* 5)

We shall now briefly examine the features of this redox process in aqueous
solution. The kinetic analysis was performed by monitoring the characteristic
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absorptions of MV at 395 and 600 nm, the bleaching of Ru(bipy);* ground state
absorption at 452 nm and the luminescence of Ru (bipy);** at 615 nm. Oscilloscope
traces illustrating the time course of these events are presented in Figure /. The
signal at 605 nm grows concomitantly with the 615 nm luminescence decay
indicating that the quenching of excited states leads to the formation of reduced
methylviologen as described by equation (5). Experiments performed with a series
of MV** concentrations showed that the kinetics of the quenching process are
pseudo first order with respect to M V**, the rate constant for the reduction of
MV** by excited Ru (bipy)j* being

ks=(5+0.4)x 108 15!

This value is somewhat lower than the rate constant ks=2.4x10° M~ !'s™!
reported for the same reaction in acetonitrile [9].

The quantum efficiency of the methylviologen reduction by Ru (bipy);* may be
expressed as a product of three terms:

’7:¢CT"7Q"7re (6)

where the symbols ¢, 174 and 7, refer to the quantum yield for the formation of CT.
excited Ru (bipy);" and the probabilities of the quenching and charge transfer events,
respectively. The first parameter, ¢¢1, has been determined to be practically unity [9].
The quenching probability of Ru (bipy);*+* by M V** is defined by the kineticexpression

_ ksIMYA] -
19" G MV + &,

where k,= 1.6 x 106 s~! designates the rate constant of the luminescence decay in the
absence of the quencher. For a concentration of MV?* of 1072 wM, which was
employed throughout the experiments, we derive from eq. (7) a value of #,=0.76.
The parameter 7, was evaluated according to a procedure described previously [10].
The bleaching signal immediately after the light pulse observed at 452 nm, AAs,,
was compared to the transient absorption produced at 600 nm after completion of
reaction (5), 4Agp. 4A4s; contains a negative contribution from the removal of
Ru (bipy)}+ and a positive contribution from the formation of excited states

AA452 = ( - 143000 -+ 62‘52) C§

Here, the number 143000 and the symbol ¢}s, represent the extinction coefficients
for ground and excited state Ru(bipy);* respectively, while C¥* stands for the
concentration of excited states produced during the laser pulse. The transient optical
density produced at 600 nm, 4A¢q, arises exclusively from M V* formed in reaction
(5):

AA600= 11300 ‘ CMV‘*’

where 11300 is the extinction coefficient of reduced methylviologen at 600 nm [11].
If the quantum efficiency 7, is to be derived from the experimental quantities
AAgy and 4Ays,, an assumption has first to be made regarding the magnitude of
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&4sy. Using for this extinction coefficient an upper limit [12] of 7000 M~ 'cm™', one
obtains #,,=0.17. Alternatively, if we suppose that ¢4, is small compared to 14300,
a value #,=0.30 is derived. Thus, under our experimental conditions, where
1q="0.76, the overall quantum yield for the reduction of methylviologen is contained
within the limits 0.1 and 0.25.

From a comparison of the reduction potential of the two redox couples
participating in reaction (5): E,(Ru(bipy);*/Ru(bipy)3")=1.26 V [13] and
E,(MV**/MV*)=—0.44 V, it is apparent that this process is endoergic by 1.7 eV
with respect to ground state Ru (bipy)3*. This energy difference provides the driving
force for the back reaction:

MV* +Ru(bipy 3t —— MV*++ Ru(bipy)}* (®)

which therefore occurs spontaneously and at a high rate. Reaction (8) is illustrated
by the lowest oscilloscope trace in Figure I, which shows the long-time behaviour

Reduction of Methylviologen by Reduction of Ru(bipy)3* by
Excited Ru(bipy)3+ Triethanolamine
A A=452nm [TEOA].M
]
/ " 615 nm d. /1 0
/ /
100 ns 20us
Ve 1"
>
600 nm b. 0.05
100 ns us
’] 3
pd
N
o~ 600 nm c. /. 0125
[y L 1/
20us 1us
N NN
TLaszr pulse LASER PULSE
Fig. 1. Oscilloscope traces obtained Fig. 2. Oscilloscope traces showing the
from the 530 nm laser photolysis of bleaching recovery of rthe Ru(bipy)3t ab-
aqueous solutions containing sorption at 452 nm in the absence and
4.1075M Ru(bipy)}* and 10°2m presence of ftriethanolamine (Ru(bipy)}+

methylviologen 4-1075m)
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of the M V* absorption at 600 nm. A gradual decay of the signal back to the original
base line is noted in this time domain, which exhibits second-order characteristics.
The kinetic evaluation yields:

kg=24x109M !s™!

The back reaction (8) may be prevented by adding a third component such as
cysteine or triethanolamine to the solution which is capable of reducing Ru (bipy)3*
back to the 2+ state (eq. 4). In the case of triethanolamine, equation (4) may be
reformulated:

R . RO
_N=CH,~CH,~OH + Ru(bipy)* —* _N*~CH,~CH,~OH+ Ru (bipy)}"

R R 9

This process manifests itself as an enhancement of the bleaching recovery at
452 nm which goes proportional with the TEOA concentration. For example, the
lowest trace in Figure 2 shows that in the presence of 0.125M TEQA the signal
returns to its original level within a period of only a few microseconds, while the
return takes several hundred microseconds in the absence of TEOA. From a simple
pseudo first-order analysis, we obtain for the rate constant of reaction (9) the value

kg=6.5x100Mm s

In our three-component system TEOA might also interact directly with excited
state Ru (bipy)}* via reductive quenching:

TEOA+ Ru (bipy)}** —» TEOA* + Ru(bipy){

However, this possibility can be excluded from laser photolysis experiments with
solutions containing only TEOA and Ru(bipy)}*. Even at relatively high TEOA
concentration (0.4M) the lifetime of the excited state emission remains unchanged
and the characteristic absorption of Ru(bipy); at 510 nm does not appear after light
excitation.

Turning now to the kinetic features of the MP** absorption at 600 nm, we note
that in the three-component system, M V>* /Ru (bipy);*/TEOA, these are crucially
dependent on both the TEOA concentration and the pH of the solution. The effect
of TEOA concentration for neutral conditions is illustrated in Figure 3. From the
inserted oscilloscope traces it is seen that the 600 nm absorption decays in the
microsecond time range until a plateau is attained. This remaining absorption in
the absence of oxygen is stable over days giving the solution the characteristic blue
color of M V*. Upon admission of air to the solution, the blue color vanishes. The
ratio of absorbances obtained in the plateau region to that initially present after the
laser pulse, 7=A, /A, as well as the rate of the fractional decay increase with TEOA
concentration, Figure 3. For example, at [TEOA]=0.125M, 7 reaches the value 0.60,
implying that under these conditions 60% of the MV originally produced in the
photoredox reaction escapes from reoxidation.

The kinetic concept developed so far is not sufficient to account for these
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Influence of TEOA Concentration on the MV* Decay Kinetics

A=600nm
[TEOA]
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Fig. 3. Effect of triethanolamine concentration on the behavior of the MV* absorption ar 600 nm. Plot of

the ratio of transient absorbances obtained in the plateau region and immediately after laser pulse as well

as the rate of MV* decay versus TEOA concentration. Representative oscilloscope traces are included in
the figure

observations. Thus, the fractional decrease in the M V* absorption cannot be solely
attributed to a simple competition of reactions (8) and (9), i.e. the Ru(bipy)i*
reduction by MV and TEOA respectively. At [TEOA]=0.125M the latter process
should dominate and hence practically no M V* reoxidation should occur. Also from
a comparison of the oscilloscope traces 2¢ and 3¢, it is apparent that under identical
conditions of pH and TEOA concentration, the 452 nm bleaching recovery is
considerably faster than the 600 nm absorption decay. Thus, at a time when
Ru (bipy)3* has disappeared from the sphere of reaction, the reoxidation of MV to
MV? continues to occur. This indicates that the second oxidant produced in
solution, i.e. the cation radical of TEOA (TEOA™) is also capable of abstracting an
electron from M V'*:

R\ R

/N+—CH2—CH2—OH + MVt ——>

R R
On the basis of the reduction potential of TEOA™, E,(TEOA*/TEOA)=0.82 V,
reaction (10) is energetically favourable by 1.26 V and hence should occur

>N—CH2—CH2—OH+ MV (10)
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quantitatively. This, however, contradicts the experimental evidence shown in
Figure 3, which indicates that a considerable fraction of MV* can escape from
reoxidation by Ru (bipy)3* or TEOA* and remain stable in solution.

A rationale for this behaviour is provided by the effect of pH in the kinetic
events. Figure 4 shows the temporal behaviour of the 600 nm absorbance in
solutions of different pH where the TEOA concentration was maintained at 0.05M.
In acid medium, the signal returns completely to the zero line indicating that all the
MV* formed in the photoredox process (5) is reoxidized to MV?*. Under steady
state illumination, no blue color is produced. The features in neutral solution are
characterized by a fractional decay of the MV absorption as was discussed above.
A drastic change is noted in alkaline medium where the 600 nm signal does not
decay at all. On the contrary, the first and rapid rise of the absorption resulting from
the formation of MV* via reaction (5) is followed here by a second and slower
growth indicating additional M V* production.

These observations may be explained in terms of an acid base equilibrium of the
TEOA cation:

AN N
N*=CH;=CH,;~OH === >N-CH;-CH-OH+H" (1
R R
/=600 nm pH Effect of pH on the M V+ Kinetics
0.1 M TEOA, 4x 1075 M Ru(bipy)}*, 102 M MP++
X )
Sus_
\\
7
20us,
P ] 9
-
4 us
Fig. 4. Effect of pH on the absorbance kinetics of MV at
LASER PULSE 600 nm
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It appears that at pH 9 the cation TEOA™ deprotonates to yield a neutral radical
with the unpaired electron in a-position to either the amino or alcohol group. Such a
species is expected to exhibit reducing instead of oxidizing properties [3]. Hence,
after deprotonation of TEOA™, the reoxidation of M¥* can no longer occur. At
pH 9, the proton loss seems to be rapid enough to dominate over the competing
back electron transfer (10). Thus, practically all the M¥* initially produced in the
photoredox process remains in the reduced state. The strongly reducing properties
of the neutral TEOA radical manifests itself alsothrough the fact that it is capable
of transferring an electron to M V2*:

R R
>N—CH2—CH—0H+MV2+—"E> Myt e
R R/

N—CH,—CHO+H* (12)

Ifthea-aminoradicalis formed predominantly in thedeprotonationstep,analternative
reaction pathway may be conceived'), i.e.:
AN N
N-CH-CH,—OH + M }?* ——» N+*=CH-CH,-OH+MV* (12a)
R/ R/

The immonium form is expected to decompose according to:

R R

>N+=CH—CH2—OH —
R R

AN

H,0+ >

NH+OHC—-CH,—OH  (i12b)

Reaction (12) or (12a) accounts for the second growth of the M V™ absorption in
Figure 4c. Its rate constant was determined as k;;=2.5x 106 M~ !5~

At pH 5, the equilibrium situation seems to favour the protonated form of the
radical. As a consequence, the back reaction (10) can occur quantitatively, the
system is cyclic, and no permanent chemical changes are induced by light.

In neutral solution, the protonated and unprotonated radical form coexist. Here
the reactions (9), (10) and (11) occur simultaneously. As a result, only a fraction of
the MV* initially produced can be preserved from reoxidation. As the
deprotonation of TEQA™Y is a base catalyzed reaction, its rate will depend not only
on the pH but also on the concentration of TEOA which itself can act as a proton
acceptor. This explains why in Figure 3 the MVt decay is enhanced by increasing
the TEOA concentration while at the same time the fraction of MV* which is
reoxidized decreases.

A final point which has to be dealt with when pH effects are being considered
is the acide-base equilibrium of the TEOA itself. As the pK value of this amine is
within the pH range investigated, the protonated and neutral form coexists in the
solution. The former should be a worse electron donor than the latter. As the
relative proportions of the two species change with pH, it is expected that the rate
constant kg for the reduction of Ru (bipy)3* by TEOA is pH-dependent. Indeed, we
find for pH 5.7 and 9 the values k,=2.4x 10°, 6.5x 10° and 4.7x 107 indicating

1y We are grateful to the referee for suggesting this possibility.
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that essentially only the unprotonated form of the amine is effective as a reducing
agent. Similar conclusions have been reached by Lehn & Sauvage [3] who also
employed TEOA as an electron donor in a hydrogen evolution system.

A few additional experiments were carried out with cysteine instead of TEOA
as electron donor. In this case, the reduction of Ru (bipy);" occurs with a specific
rate of 3.7x 10 M~!s~!. In analogy to the TEQA system, the deprotonation of the
cysteine cation radical:

Cys-SH* —» Cy-S-+H* (13)

represents here also the crucial step through which the back reaction of Cys-SH*
with reduced methylviologen is prevented. Thus, in neutral solution at 0.05M
cysteine 35% of the MV escapes from reoxidation while at pH 9, this fraction
increases to almost 100%. The equivalent of reaction (12), i.e. reduction of MV*++
by Cy-So does not occur in this system. The fate of the neutral cysteine radical is
probably recombination under formation of cysteine:

2 Cys-S: —» Cys-8-5-Cys (14)

ity Continuous Irradiation Experiments. Redox Catalysis. Upon irradiation of a
neutral solution of Ru(bipy);*/MV** in the presence of TEOA, an intense blue
color is produced corresponding to the MV* absorption spectrum. When such a
solution is stirred with a few milligrams of PtO, (ddams catalyst), it resumes the
yellow-orange color of the sensitizer. This cycle can be repeated many times.
Spectral and gas chromatography evidence indicates that during the stirring process
MV is reoxidized to M V?* while water is reduced to hydrogen:

0.
2 MV +H,0 —2% 2 MV2* 4+ H,+2 OH- (15)

Apparently, Adams catalyst can mediate the water reduction by MV* which under
standard conditions at pH 7 is exoergic by only a few tenths of an electron volt.
The principle of such a catalytic action is illustrated in Figure 5. The PtO, particles

Principle of Redox Catalysis

Fig. 5. Schematic illustration of the principle of redox
caralysis. The finely dispersed Pt on the surface of
the PtO, particle mediates electron transfer from

the reduced acceptor ton A to the water
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in neutral aqueous solution are covered by a thin layer of platinum constituting
the active part of the catalyst. Upon adsorption of reduced acceptor ions on the
surface of the particles, a negative potential is imposed on the platinum which
suffices to induce H, evolution from water. The low overpotential for the evolution
characteristic for this metal insures that energy losses in the redox process (15) are
minimal.

When illumination and stirring with the catalyst is carried out simultaneously,
continuous production of H, is observed. In a typical experiment, 100 ml neutral
solution containing 1072M MV?*, 4x 107> M Ru(bipy);* and 0.05M TEOA was
irradiated through a 400 nm cut-off filter with the Xe-lamp. During an irradiation
time of 0.5 h, a quantity of 0.40 ml H, was produced. Within this period, no
depletion of the sensitizer and the methylviologen could be detected. The donor
TEOA, on the other hand, is used up through irreversible oxidation which manifests
itself in a gradual darkening of the solution. The yield of H, was found to depend
strongly on the pH of the solution. For example, at pH 5 no H, could be detected
after illumination. This is explained by the results of the laser photolysis
experiments which showed that MV* is rapidly reoxidized vig reaction (10), and
hence is not available for water reduction. In alkaline solution (pH 9), we also
fail to observe hydrogen evolution. Through under these conditions the formation
of MV* occurs with a high yield, the subsequent Pt-catalyzed reduction of water
cannot take place. An irradiated solution maintains its blue color even after
prolonged stirring with the catalyst. This is due to the fact that at pH 9 reaction (15)
is energetically unfavorable since the reduction potential of water has shifted by
118 mV towards the negative side.

From these results, it is concluded that in the selection of the optimal
conditions for light induced H, evolution a compromise has to be made with
respect to the pH of the solution. Evidently, the yield of stable MV* from the
photoreduction of methylviologen increases with pH while for energetic reasons the
inverse trend holds for the efficacy of the redox catalysis. Therefore, a pH close to 7
appears to be a suitable choice, though under these conditions a considerable
fraction of the M V* produced in the photochemical step is lost through reoxidation.
We encounter here a problem that is typical for any homogeneous photoredox
system to which a third component is added as an electron source to prevent
thermal back reaction. The oxidation of this species leads to reactive intermediates
which may undergo undesirable side reactions. For this reason, it appears preferable
to restrict the number of reactive components to two, i.e. the donor and acceptor
participating in the light reaction, and to employ suitable molecular organizations
such as micelles or membranes in order to kinetically control the light and
subsequent dark reactions.

In conclusion, the results obtained from the present investigation indicate the
suitability of certain redox catalysts to mediate hydrogen evolution from water by
reducing agents. We confirm here the recent observations made on similar three
component systems [2]. By means of laser photolysis technique the detailed
mechanism and the kinetics of the individual processes occurring in our test system
were explored. The summarizing scheme given in Figure 6 indicates that the overall
mechanism induced by light is reduction of water and oxidation of the third
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Homogeneous Test System for Light Induced H; Production
hy

+ 1 -
DH~ S~_, MV 1H, + OH
— Pt
+ + +
D+H S MV H,0
DOH Cysteine, Triethanolamine
s Rutbipy)y Fig. 6. Scheme for the photoinduced
. e . processes occurring in the three-

MTCH N@_@N s component system under study

component employed as an electron source. The understanding of the nature of
redox catalysis and its application to photoprocesses in organized molecular
aggregates such as functional micelles and vesicles should be of great value to
resolve the problem of water cleavage by visible light.
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