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Abstract: In order to solve the problems of global warming
and shortage of fossil fuels, researchers have been endeavoring
to achieve artificial photosynthesis: splitting water into H, and
O, under solar light illumination. Our group has recently
invented a unique system that drives photoinduced water
reduction through “Z-scheme” photosynthetic pathways. Nev-
ertheless, that system still suffered from a low turnover number
(TON) of the photocatalytic cycle (TON =4.1). We have now
found and describe herein a new methodology to make
significant improvements in the TON, up to around TON =
14-27. For the new model systems reported herein, the
quantum efficiency of the second photoinduced step in the Z-
scheme photosynthesis is dramatically improved by introduc-
ing multiviologen tethers to temporarily collect the high-energy
electron generated in the first photoinduced step. These are
unique examples of “pigment—acceptor—catalyst triads”, which
demonstrate a new effective type of artificial photosynthesis.

Due to the shortage of fossil fuels, solar-driven water
splitting into H, and O, has been extensively studied for many
years."?l Nature invented two light-harvesting units, that is,
photosystem II (PSII) and photosystem I (PSI), which are
rationally coupled with water oxidation and hydride (H™)
addition reactions, respectively. The latter corresponds to
storage of reducing equivalents in the form of an organic
molecule (the reduced form of nicotinamide adenine dinu-
cleotide phosphate; NADPH) and is conceptually equivalent
to the production of H, from H™ and H*. Therefore, artificial
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photosynthesis systems driving both photoinduced water
oxidation and reduction are important targets of research
(Scheme 1).
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Scheme 1. Artificial photosynthesis based on a photo-oxygen-evolving
molecular device (POEMD) and a photo-hydrogen-evolving molecular
device (PHEMD).

2NADPH

2NADP* + 2H*

Up to now, considerable efforts have been made to
develop PHEMDs consisting of a Ru(bpy),**-type photo-
sensitizer (bpy: 2,2"-bipyridine) and a Pt"-based molecular
water reduction catalyst; these efforts resulted in our previous
reports on a series of RuPt-based PHEMDs,”! such as
“RuPt**" (Scheme 2). Simple mononuclear Pt"" complexes
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Scheme 2. Some examples of Pt'-based PHEMDs.

(Pt1" from ref. [4] and PV*' from ref. [5]; Scheme 2) have also
been realized to serve as PHEMDs. Although these com-
plexes are considered as important examples of PHEMDs, the
turnover numbers (TONSs) of the photocatalysts (TON = 3-5)
were rather low compared to those reported for the cobalt-
based supramolecular systems studied by Artero and co-
workers. !

One of our recent studies provided an important in-
dication concerning the improvement of the TON.®® The
study showed that PV*' (Scheme 2) affords the doubly
reduced species PV® based on two successive photoinduced
processes, which we defined as “Z-scheme photosynthesis”
(PV*" 4 ethylenediaminetetraacetate (EDTA) +hv—PV™ 4
EDTA'; PV"+EDTA +hv—PV°+EDTA"; PV'+2H'—
PV?" 4 H,; Z-scheme photosynthesis A in Scheme 3). In this
photolysis, a m-radical-like colored intermediate, possessing
broad absorption bands in the visible to NIR region, is
generated first and its photoexcited state (that is, PtL™*) must
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Scheme 3. Strategy to improve the efficiency in the second photo-
induced electron-transfer step. A is an acceptor, D is EDTA (a donor),
and L (the ligand) corresponds to bpy, 2,2":6',2"-terpyridine (tpy), etc.

be further reductively quenched by EDTA at higher-energy
excited states prior to the internal conversion leading to the
lower-energy excited states, which are correlated with the
visible to NIR absorptions of the PtL™ species. We now
suppose that such deactivation could be substantially sup-
pressed by tethering of electron reservoir moieties because
the reduced form of the PtL moiety (PtL™) can be immedi-
ately converted into its original nonreduced form (PtL) by
simple intramolecular electron transfer (PtL™—A —PtL—A™;
Z-scheme photosynthesis B in Scheme 3; Figure S1 in the
Supporting Information). Herein, we report on the photo-
chemical H,-evolving activities of three [PtCl,(bpy)] deriva-
tives tethered to multiviologen moieties, PtL—A,, (n: 2 or 4),
together with those of the related systems (Scheme 4). This
study reveals that these multiviologen derivatives indeed
exhibit much higher TONs (14-27) in visible-light-induced
water reduction in the presence of EDTA.

Although the molar absorptivities of [PtCly(4,4'-MV2)]*",
[PtCly(4,4-MV4)]*", and [PtCL(5,5-MV4)]** in the visible
region are not sufficiently high, their lowest energy band,
corresponding to the metal-to-ligand charge transfer (MLCT)
transitions derived from the [PtCly(bpy)] chromophore*!
(Amax = 386-388 nm, & =2300-3800M 'cm ™), has a tail up to
around 500 nm (Figure S2). This feature allows them to
generate photoexcited states upon visible-light illumination.
The concentration dependences of absorbance at several
wavelengths all satisfy Beer’s law, which precludes the
possibility of them to form a stacked dimer in the ground
state under these experimental conditions (Figure S3). On the
other hand, these triads exhibit emissions in methanol/
ethanol/N,N-dimethylformamide ~(MED; 4:4:1) under
frozen glass conditions (at 77 K; Figure S5 and Table S3).
Based on the relatively large Stokes shifts (approximately
100 nm) and long-lived characters (7.37-9.13 ps; Figure S7),
these emissions are considered to arise from the triplet
excited *MLCT) states.

The absorption and emission properties of [PtCl,(4,4-
MP1)]", [PtCl,(4,4-MP2)]**, and [PtCl,(5,5-MP2)]*" (Figur-
es S4, S6, and S8) are quite similar to those of the corre-
sponding MV2/MV4 derivatives (Figures S2, S5, and S7).
However, intramolecular oxidative quenching of these MP1/
MP?2 derivatives with their methylpyridinium residues is not
favored due to the large cathodic shifts in the reduction
potentials of these residues (—1.67 to —1.75 V vs. Fc/Fc™'; Fe:
ferrocene; Table S6) in comparison with those of the MV2/
MV4 residues (—0.81 to —0.89 V vs. Fc/Fc*; Table S5). This
reveals that the methylpyridinium moieties in the MP1/MP2
derivatives can simply serve as positive groups to let them
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Scheme 4. New PHEMDs (PtL—A, derivatives) together with controls.
MV: multiviologen; MP: methylpyridinium; dcbpy: 4,4"-dicarboxy-2,2'-
bipyridine.

form an ion pair with the dianionic form of EDTA (YH,*, if
EDTA is YH,; 93 % abundance at pH 5.0).1!

Figure 1 shows the photochemical hydrogen-evolution
characteristics of these triads when they are photolyzed in the
presence of EDTA at pH 5.0. It can be seen that the MP1/
MP2 derivatives also serve as PHEMDs, although their
activities are much lower than those of the MV2/MV4
derivatives (Figure S9a—c). On the other hand, the control
with no positive charges on the ligand, that is, [PtCl,(dcbpy)],
does not at all show activity as a PHEMD (Figure S9d), even
in the presence of free methylviologen (MV*'; Figure S10 and
Table S4). These results reveal that positively charged moi-
eties tethered to the bpy ligands are essential for the
generation of electron-transferred products that lead to H,
evolution from water. As demonstrated in our previous
studies,*! these behaviors are obviously correlated with ion-
pair adduct formation [Eq. (1)].

It must also be noted here that such highly charged
multiviologen-tethered Ru and Pt complexes do ion-pair with
counteranions (PFs~, CI-, etc.) in aqueous media.®*! The
initial photoproduct during the photolysis of the MV2/MV4/
4619
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Figure 1. A) Visible-light-induced H, production (>400 nm) from an
aqueous acetate buffer solution (0.03 M CH;COOH and 0.07 m
CH;COONa; pH 5.0, 10 mL; at 20°C under Ar) containing 0.1 m NaCl
and 30 mm EDTA in the presence of 0.1 mwm a) [PtCl,(4,4'-MV2)]-
(PFe) -3 H,0, b) [PtCl, (4,4-MV4)](PF¢)g-4 H,0, and c) [PtCl,(5,5-MV4)}-
PF¢)s5 H,O. B) The turnover numbers of a) [PtCl,(4,4-MV2)]-

PFg)4:3 H,0, b) [PtCly(4,4"-MV4)] (PF¢)g-4 H,0, c) [PtCly(5,5"-MV4)]-
PF)g:5 H,0, d) [PtCl,(4,4"-MP1)](PF,)-2 H,0, ) [PtCl,(4,4-MP2)]-
PFq),:3 H,0, f) [PtCl, (5,5-MP2)](PF¢),-5 H,0, and g) [PtCl,(dcbpy)].
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R

MP1/MP2 derivatives is likely to involve {Pt"CL(bpy™)},
which must occur as a result of reductive quenching of
{PtCL(bpy)*} CMLCT state, formally described as {Pt"™Cl,-
(bpy™)}) only within the above ion-pair adducts because of
the nonemissive (that is, short-lived) characters of them under
these conditions.

Table 1 shows the photo-hydrogen-evolving activities of
the Pt"-based PHEMDs developed so far in our group. The
multiviologen-tethered PHEMDs exhibit much higher TONs
than the Pt"-based derivatives reported to date. As noted
above, the [Pt"Cl,(bpy)]-based chromophore can be rapidly
regenerated after formation of {Pt"Cl,(bpy ")} by forming
[Pt"ClL(bpy)—(A),_;(A™)}. Otherwise, even oxidative
quenching of {PtCl,(bpy)*} by a viologen tether occurs to
afford {Pt"™Cl,(bpy)—(A),_1(A™)} followed by rapid reduc-
tion of the Pt"™ center by EDTA to yield the same photo-
product. It also seems possible that these two quenching
processes compete with one another, as demonstrated for
“RuPt**.B Thus, the light-harvesting centers of the MV2/
MV4 derivatives possess an important “regenerable charac-
ter”, which is not available for the MP1/MP2 derivatives or

www.angewandte.org
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Table 1: Comparison of the catalytic performances of PHEMDs. !

Entry System Irradiation TON Ref.
time [h]

1 “RuPt?*” 10 48 [3a]

2 Pt1* 7 3 (4]

3 pVZ* 12 4.1 [5]

40! [PtCl,(4,4'-MV2)]** 6 12 this work
12 14

50l [PtCl,(4,4'-MV4)** 6 15 this work
12 18

6! [PtCl,(5,5"-MV4) ]+ 6 22 this work
12 27

7161 [PtCl,(4,4-MP1)]* 6 2.7 this work

gl [PtCl,(4,4-MP2)]** 6 3.2 this work

9l [PtCl,(5,5"-MP2)]** 6 3.8 this work

10! PtCl,(dcbpy) 2 0 this work

[a] Photochemical H, production from an aqueous acetate buffer
solution (pH 5.0, 10 mL) containing 30 mm EDTA. [b] Reaction per-
formed in the presence of 0.1 M NaCl to minimize the concentration of
hydrolysis products.

PV** ! As previously demonstrated for PV, the addition
of one equivalent of cis-[PtCl,(NHs;),] to one of the systems
(for example, [PtCl,(4,4-MV4)]*") was found to double the
initial H, evolution rate (Figure S30), which reveals that
intermolecular H, evolution paths can also take place.

The electrochemical properties of the triads (Figure S11
and Table S5) allow us to discuss the driving force of
intramolecular electron transfer in the reductively quenched
product {Pt"ClL(bpy~)—(A),}, which affords the photoprod-
uct {Pt"ClL(bpy)—(A),_i(A7)}. For all of the triads, no
electrochemical communication is obvious for the viologen-
based redox couples (Figure S11). On this basis, the free-
energy change with regard to the intramolecular electron
transfer (AGy) can be estimated from the difference in
potential for the first reduction at viologen and that at bpy,
that is, E,,(A/A™) and E,,(bpy/bpy), respectively. The
values are estimated as AGgr=—0.48, —0.54, and —0.29 eV
for [PtCLy(4,4-MV2)]*", [PtCL(4,4-MV4)]*", and [PtCL,(5,5'-
MV4)]**, respectively. These values reflect the exceptionally
positive-shifted E;,(bpy/bpy ) value for [PtCl,(5,5-MV4)]**
(=118 V vs. Fc/Fc*; Table S5). This indicates that the
reduction potential of the *MLCT state, defined below in
Equation (2), in which E,,, denotes the emission energy of the
triplet, is highest for [PtCl,(5,5-MV4)[*".

E; 5 (PtCly(bpy)*/PtCly (bpy ")) = Eem + E1/2(bpy/bpy ) )

Consequently, the driving force for the reductive quench-
ing of the triplet by EDTA must be largest for [PtCl,(5,5'-
MV4)]**, which can be well correlated with its highest activity
as a PHEMD.

On the other hand, the E;,(A/A) value for the MP1/
MP2 derivatives shows a large cathodic shift (Table S6).
Therefore, the intramolecular electron transfer from {Pt"Cl,-
(bpy )—(A),} to {PL"CL(bpy)—(A), 1(A™)} is a highly uphill
process in each case, with the AGr values estimated as 0.47,
0.44, and 0.49 eV for [PtCl,(4,4-MP1)]", [PtCl,(4,4-MP2)]**,
and [PtClL(5,5-MP2)]**, respectively (Figure S12 and
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Table S6), which indicates that the formation of {Pt"Cl,-
(bpy)—(A),_i(A™)} is not thermodynamically favored for
these systems. The E,,(bpy/bpy™) value is most positive
shifted for [PtCL,(5,5-MP2)]*" (—1.18 V vs. Fc/Fc'; Table S6).
For either MV2/MV4 or MP1/MP2 derivatives, the 5,5'-
substituted derivative shows the highest activity as a PHEMD
among each series. Therefore, it seems quite likely that the
driving force for the reductive quenching of the *"MLCT state
by EDTA governs the net photocatalytic efficiency.

Next, we pay attention to the number of electrons stored
over the multiviologen tethers within each framework. It is
expected that more than one reducing equivalent can be
transferred to the multiviologen tethers as a result of
successive reductive quenching reactions. As a typical exam-
ple, the absorption spectral changes during the H, evolution
driven by [PtCl,(4,4-MV4)]*" are shown in Figure 2 A. This is

(A) 4
10 ——0 min ——20 min
—1 min ——30 min
3 T ——3 min ——40 min
" ——5 min ——50 min
60min  ___ 145 min 60 min
0
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Figure 2. A) Spectral changes during the photolysis of an aqueous
acetate buffer solution (pH 5.0; at 20°C under Ar) containing 0.1 mm
[PtCl,(4,4'-MV4)]**, 0.1 M NaCl, and 30 mm EDTA. B) Changes in the
total number of electrons stored within a framework during photolysis.

similar to the charge-storage behavior previously observed
for photoinduced H, evolution driven by a combination of
[Ru(bpy);]*" and [PtCL(MV,)] (n=2, 4, or 6; MV, denotes
5,5'-substituted-bpy ligands tethered to 2, 4, and 6 viologen
units) in the presence of EDTA,® for which oxidative
quenching of [Ru(bpy),]*"* by [PtCl,(MV,)] was assumed to
be the major electron-transfer event. In other words, we were
unware of the activity of [PtC,(MV,)] as a PHEMD in that
study. As previously described,”® the 900 nm band corre-
sponds to a diradical species, which occurs as a consequence
of specific stabilization of a stacked dimer (MV ™), within the
same residue. The spectral features of this diradical species
are quite consistent with those previously reported by Lee
et al.l'” and also with those previously observed for [PtCl,-
(MV,)].®1 On the other hand, the 602 nm band corresponds to
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a monoradical species. Based on our published methods,™
deconvolution was carried out to determine the relative
abundances of the MV™ and (MV™), species at each
irradiation time (Table S9). Consequently, the time course
of the number of electrons stored within a framework can be
viewed for all of these triads, as depicted in Figure 2B. For
both [PtCl(4,4-MV2)]*" and [PtCl,(4,4-MV4)]**, the total
number of electrons shows a maximum at around 10 min and
gradually decreases as the reaction proceeds, which suggests
that an induction period is spent and then a stationary state is
established, during which the formation and consumption of
the radical species are balanced in rate, as previously
observed.["l These results are also consistent with the induc-
tion periods observed in the H, evolution profiles of these
triads in Figure 1 A (see also the Supporting Information).
The behavior of [PtCl,(5,5-MV4)]*" is essentially similar to
those of the 4,4'-substituted derivatives, but the maximum
appears much earlier at around 3 min, which must be viewed
as related to the largest driving force of reductive quenching
being estimated for this system (see above). The apparent
dimerization constants (Kp) are in the range of 10°-10°m™"
(Tables S8-S10) and are much larger than the K values
reported for free MV?* in aqueous media (Kp =550m71),1"
which reveals that the present dipeptide backbone provides
an extraordinary stabilization effect for the diradical species.
The dependence of the initial H, evolution rate on the
EDTA concentration obeys Michaelis—Menten kinetics for all
of these triads (Figures S19-S21). Importantly, no H, evolves
in the absence of EDTA. This behavior is quite similar to
those previously observed for most of the PHEMDs devel-
oped so far in our group.’~! Saturation behaviors are also
seen when the PHEMD concentration is varied at a constant
EDTA concentration (Figures S22-24). In the same manner,
nanosecond transient absorption (TA) spectroscopy
(Figure 3) shows that a photoproduct attributable to {Pt"Cl,-
(bpy)—(A),_1(A7)} is only observable in the presence of
EDTA. Moreover, for all of the triads, the yield of photo-
product monitored by TA spectroscopy exhibits saturation
with regard to the variation in the EDTA concentration
(Figure 3B; Figures S25 and S26). These results strengthen
our conclusion that the electron injection from the YH,?~
species ion paired with the cationic PHEMD is the key to
afford the initial photoproduct {Pt"ClL,(bpy)—(A),_(A™)}.
Finally, in situ dynamic light scattering (DLS) measure-
ments were carried out to ascertain the lack of colloidal
platinum dispersion during the H, evolution photocatalyzed
by these multivilogen-tethered PHEMDs. As shown in
Figure 4, variations in the light-scattering intensity for all of
these triads during the photolysis were negligible and the
development of any exponential decay feature in the corre-
lation functions was also negligible (Figures S27-S29). These
results clearly show that the formation of colloidal platinum
particles can be ruled out during the H, evolution photo-
catalyzed by these triads. For comparison, Figure 4 shows the
manner in which the light-scattering intensity increases when
the same amount of a well-known colloid precursor (K,PtCl,)
is converted into colloidal platinum particles under the same
experimental setup. These results clearly indicate that the
photocatalytic H, generation driven by these multiviologen-
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Figure 3. A) Nanosecond transient absorption spectra observed for an
aqueous acetate buffer solution (pH 5.0; at room temperature under
Ar) containing 0.1 mm [PtCl,(4,4-MV4)]¥*, 0.1 m NaCl, and EDTA at
various concentrations (0-30 mwm), recorded at 50 ns after laser pulse
excitation at 355 nm. B) Transient traces at 400 nm, corresponding to
the decay of the photoproducts. The inset shows the dependence of
the maximum absorbance at 400 nm on the EDTA concentration
(0-30 mwm).
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Figure 4. DLS measurements during the photolysis of an aqueous
acetate buffer solution (pH 5.0; at 20°C under Ar) containing 0.1m
NaCl in the presence of a) 30 mm EDTA, 0.04 mm [Ru(bpy);]Cl,-6 H,O,
2 mm [MV]Cl,, and 0.1 mm K,PtCl,, b—d) 30 mm EDTA and 0.1 mm
PHEMD, and e) 30 mm EDTA (blank).

tethered PHEMDs proceeds based on “homogeneous catal-
ysis”.

In summary, we have shown that such a simple [PtCl,-
(bpy)]-based MLCT band can be used to drive the solar
water-reduction process, although the problem arising from
the low absorptivity should be solved to improve the overall
energy-conversion efficiency in view of more practical
application purposes. We have also demonstrated that the
introduction of temporary electron-reservoir sites into the
light-harvesting center greatly enhances the “quick recovery
of photosensitization capability”, which leads to improved

photocatalytic efficiency in H, production from water. This
certainly has much relevance for researchers established in
the field of natural photosynthesis. Extended studies are still
in progress in our laboratory.
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