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Abstract: Hydrated electrons are highly aggressive species that
can force chemical transformations of otherwise unreactive
molecules such as the reductive detoxification of halogenated
organic compounds. We present the first example of the
sustainable production of hydrated electrons through a homo-
geneous catalytic cycle driven entirely by green light (532 nm,
coinciding with the maximum of the terrestrial solar spectrum).
The catalyst is a metal complex serving as a “container” for
a radical anion. This active center is generated from a ligand
through quenching by a sacrificial electron donor, is shielded
by the complex such that it stores the energy of the photon for
much longer than a free radical anion could, and is finally
ionized by another photon to regenerate the ligand and recover
the starting complex quantitatively. The sacrificial donor can
be a bioavailable reagent such as ascorbic acid.

At least two green photons are needed for the production of
one hydrated electron e��aq from stable source molecules,
because the photon energy (2.33 eV at 532 nm) is only about
80 to 90% of the standard potential of e��aq (2.77 V against the
normal hydrogen electrode, NHE).[1] Having in mind the
ultimate aim of utilizing the sun as the (low-flux) light source,
it is the most promising strategy to employ two successive
single-photon absorptions and store the energy of the first
photon in an intermediate. Examples of electron detachment
by green light are known for all common classes of photo-
chemical intermediates, excited singlet states,[2] triplet
states,[3,4] radicals,[5–7] and radical anions,[8–12] but the longer
such an intermediate lives, the more likely it is to absorb the
ionizing second photon. This suggests that the usefulness for
this process increases in the order excited singlet (ns)< triplet
(ms)< radical or radical anion (no photophysical deactiva-
tion).

As recently advocated by us,[12] the radical anion A��

appears inherently better suited for the sustainable gener-
ation of e��aq than the other intermediates on yet other grounds.
The gentlest and most natural way to prepare a substrate A
for its ionization is the addition of one loosely bound extra
electron to it in the first place, which is easily achieved by
photoinduced electron transfer from a sacrificial donor to
excited A. The ionization of A�� is assisted by the formation
of a stable molecule as the by-product, namely the starting
material A. By the same token, a two-photon ionization via
the radical anion constitutes a catalytic cycle in which the
photons switch the catalyst between its light-absorbing forms

A and A��. An optimization of the overall reaction is greatly
facilitated by the divergent roles of the two components. As
long as the sacrificial donor quenches the excited catalyst
efficiently enough and does not unduly absorb itself, the price
and availability are the most important selection criteria for
that expendable item, whereas the catalyst can be tailored for
optimum photophysical and photochemical properties of its
different forms without an expensive and/or difficult synthesis
being prohibitive.

In the present work, the bipyridine radical anion functions
as the electron precursor, and we have extended its life greatly
by using the one-electron-reduced form OER of the
extremely popular sensitizer ruthenium (tris)bipyridine[13] as
its “container”. We prepare OER by reductive quenching of
the green-light-excited complex with 4-methoxy phenolate
D�sac.

[14] Not only does OER contain a localized bipyridine
radical anion with a strong p–p* absorption in the green,[15]

but it is also stable for seconds in deaerated aqueous
solution,[16] except for bimolecular termination with the
quencher-derived radical D�sac. This contrasts very favorably
with the fate of the free radical anion, which is protonated on
a sub-nanosecond timescale even at pH 14 and then under-
goes diffusion-controlled disproportionation.[17] As we will
show, another green photon ionizes OER and regenerates the
starting complex without any side reactions that would
destroy the catalyst.

Our investigation method is nanosecond laser-flash pho-
tolysis with two superimposed, independently triggered
532 nm beams (for experimental details see Section S1 in
the Supporting Information). The catalytic cycle is displayed
in Scheme 1, which also contains the formulas of all species
involved. Our experiments for establishing the mechanism
are summarized in Figure 1. The numbering of the following
list is identical with the numbering of the figure�s subgraphs;
for full particulars, we refer to the pertaining Sections S2–S5.

1a) A first green photon excites the ground state (GS) of the
complex, producing the metal-to-ligand charge-transfer excited
state MLCT quantitatively and fully reversibly; MLCT is
photochemically inert in the green.

Scheme 1. Photoionization mechanism and formulas of all species
involved.
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Of the species present at the start of the experiment, only
GS absorbs at 532 nm (compare Section S2). Intersystem
crossing of the primarily formed locally excited complex to
give MLCT occurs on a sub-picosecond timescale and quanti-
tatively.[13] As the main plot of Figure 1a shows, the intensity
dependence of MLCT formation is given by a saturation curve,
and more than 90% of GS can be converted to MLCT within
the flash duration even with the weaker of our two lasers.
Unquenched MLCT reverts to the GS without side reactions,
accompanied by an emission that allows its quantitative
monitoring.[13] MLCT absorbs weakly at 532 nm (see Sec-
tion S2), but the resulting higher excited state *MLCT is short-
lived on the timescale of our laser flashes, and this further
excitation does not lead to the decomposition of the complex
and specifically not to ionization.[18] The inset of Figure 1a
demonstrates this chemical stability of both MLCT and

*MLCT: Producing varia-
ble amounts of MLCT and
*MLCT with a first flash,
then allowing them to
deactivate completely, and
then probing the concen-
tration of GS with a second
flash of constant intensity
gives the same result
regardless of the intensity
of the first flash.

1b) Reductive quenching
of MLCT by the sacrificial
donor D�

sac yields OER,
which is then bleached by
a second green photon.

By choosing the
quencher concentration as
explained in Section S3,
we were able to create
a situation in which there
is hardly any quenching
(< 4%) during each laser
flash but largely complete
quenching (> 86 %) during
the waiting period
between the flashes, mean-
ing that the light-driven
and thermal reaction steps
are temporally separated.
Most of the quenching
events are chemically non-
productive, however, and
with 4-methoxy phenolate
we found an efficiency h of
only 0.18 for persistent
OER formation after
MLCT quenching.

We observed MLCT
and OER under condi-
tions, in which there is no
cross-dependence of their

signals and no other species interfere with their detection (see
Section S3). Their time evolution up to the start of the second
laser pulse is displayed in Figure 1b, but this pulse acts on
both the newly generated OER and the much greater amount
of GS still present, therefore the contribution of the latter to
the observables must be removed. This can be effected
quantitatively and reliably by the separation described in
Section S4, which gave the curves displayed in the later part of
Figure 1b (from 500 ns onwards). The procedure filters out
the traces of a hypothetical experiment with complete
conversion of the GS into OER during the interpulse delay
and no new production of MLCT by the second laser. As is
clearly observed, it isolates a bleaching of OER by the second
laser pulse, which proves that upon 532 nm excitation OER
undergoes a photoreaction.

Figure 1. Laser-flash (532 nm) photolysis results for the system ruthenium (tris)bipyridine/4-methoxyphenolate
(GS/D�sac). Experimental conditions unless specifically noted: aqueous solution of 5 � 10�5

m GS and 2.5 mm

D�sac at pH 12.7; first laser flash, 0 ns, 410 mJcm�2; second laser flash, 500 ns, 867 mJcm�2. a) Experiments in
the absence of D�sac. Main plot: MLCT concentration relative to substrate concentration c0 as a function of the
excitation intensity I1, single-flash experiments with first (triangles) or second (circles) laser only; the solid
curve is the best-fit function 1�exp[�I1/(174 mJcm�2)]. Inset: two-flash experiments with excitation by the
stronger laser at variable intensity I1, waiting for complete decay of MLCT, and then probing the complex
concentration with the weaker laser at constant intensity; the solid line is the normalized ground-state
concentration with the first flash omitted. b) Normalized traces for the MLCT (dark gray) and OER (gray)
concentrations obtained with the separation explained in detail in Section S4 of the Supporting Information.
The oscillations between 450 and 700 ns are due to the constructive interference of Q-switch pickup from both
lasers. c) Main plot: trace of the e��aq concentration (for details, see Section S5 of the Supporting Information)
relative to the concentration of OER before the second laser flash, [OER]pre, obtained under the same conditions
as the traces of the preceding subgraph. Inset: normalized OER concentration rise (gray trace) following the
first laser flash and e��aq concentration (black circles) obtained after the second laser flash as functions of the
interpulse delay Dt. d) Main plot: e��aq concentration relative to [OER]pre as a function of the intensity I2 of the
second laser flash, with the best-fit function (solid curve) given by 1�exp[�I2/(1072 mJ cm�2)]; inset, same
relative e��aq concentration as a function of the relative OER bleaching, slope of the regression line, 1.002, zero
intercept. For further explanations, see the text.
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1c) The second photon liberates e��aq in proportion to the
amount of OER present.

To capture only e��aq , we performed different experiments
with and without the electron scavenger N2O (see Section S5),
an established method in radiation chemistry.[1] The main plot
of Figure 1 c displays the outcome at the same reactant
concentration, laser intensity, and timing as in Figure 1b. In
striking contrast, the first laser pulse yields practically no e��aq ,
whereas the second produces a large amount. Reversing the
order of the two pulses identifies that as an effect unrelated to
the different laser powers. Instead, there is a strict propor-
tionality between the concentration of OER at the moment
before the second laser flash and the concentration of
e��aq produced by this laser flash. This can be demonstrated
by varying the interpulse delay, as shown in the inset of
Figure 1c, or by varying the intensity of the first laser pulse.
Because the stoichiometrically formed quenching product
D�sac is not ionizable with green light (see Section S2), these
findings pinpoint OER as the source of e��aq . The minute
amount of e��aq generated by the first pulse can be traced to the
small quantity of OER already formed during that pulse.

1d) OER bleaching and e��aq formation are monophotonic
processes with identical quantum yields; autoionization is the
only chemical deactivation pathway of the green-light-excited
OER.

Figure 1d displays the electron yield relative to the
prepulse concentration of OER as a function of the laser
intensity (in the main plot) and against the relative bleaching
of OER (in the inset). The linear low-intensity regime of the
saturation curve in the former graph, with successful straight-
line extrapolation to the origin of the coordinate system,[19]

characterizes the green-light ionization of OER as mono-
photonic; the unit slope in the latter graph reveals that one
e��aq is produced per OER molecule bleached.

Taking the ratio of the best-fit constants k in Figure 1d
and Figure 1 a, each of which is proportional to the quantum
yield of the respective process and the extinction coefficient
of the species absorbing the photon,[12] we found a quantum
yield of 0.013 for the photoionization of OER with 532 nm.
This approach employs GS as an inner actinometry standard,
so very effectively cancels uncertainties of the absolute
excitation intensities and homogeneity. By redetermining
the extinction coefficient of OER relative to that of e��aq (see
Section S2), we also eliminated errors related to that quantity.

To optimize the overall performance, we tested the
ascorbate dianion as a bioavailable replacement for the
phenolate, both in aqueous solution and in SDS (sodium
dodecyl sulfate) micelles. Although a very popular reductive
quencher of MLCT,[20] ascorbic acid was hitherto employed
only as the neutral acid or the monoanion. We found that the
dianion quenches much faster (7.6 � 109 and 3.9 � 107 M�1 s�1

in water and in the micelles). More importantly, the efficiency
h of the OER formation after the primary electron transfer is
twice as high (0.38, regardless of the medium) as that of the
phenolate. Also, the compartmentalization by the micelle
strongly suppresses the recombination of OER with the

quencher-derived radical such that the life of OER becomes
longer than milliseconds.

The only other green-light photoionization of stable
molecules in solution known to date is that of perylene-3-
amine,[21] which is mechanistically controversial (see Sec-
tion S6) and consumes a substrate that is expensive to
prepare. The example we have presented here is the very
first case of such an “all-green” photoionization through
a catalytic cycle. It consumes only cheap and even bioavail-
able reagents and might thus have the potential to be
developed into a sustainable source of e��aq for chemical
applications such as the reductive detoxification of organic
waste with sunlight, which up to now has only been achieved
radiolytically[22] or with UVC radiation.[23]
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