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The photocatalytic splitting of water into molecular hydrogen
and oxygen using sunlight represents a promising solution to
the looming energy crisis.'*] Despite this potential no large-
scale technical processes have been developed. However,
each green leaf accomplishes the photocatalytic splitting of
water at ambient temperature and low light intensities—an
example that provides incentive.l'! Only in the last 20 years
has detailed information become available on the structure
and the function of the complex molecular apparatus and its
subunits, which enable this feat.**! Based on these insights
the development of artificial photochemical molecular devi-
ces (PMDs) for photoinduced water splitting is feasible, in
which a photoredox-active center is linked to a reaction
center through a redox-active bridge."'>'3 In contrast to the
intensively studied intermolecular systems!'*!¥ these PMDs
offer the opportunity to study the connection between
intramolecular electron-transfer processes and catalytic con-
version on a molecular basis by means of spectroscopy.
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Strategies for the design of PMDs are thus guided by
considering how the photoexcited state determines catalytic
activity. The design approaches applied so far have been
based on the assumption that the catalytic efficiency is
determined predominantly by the electron-storage capability
of the bridging ligand in the PMD.!">!%l Herein we scrutinize
this assumption using the example of the intramolecular
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Figure 1. a) Structure of RuPd. b) Absorption spectrum of RuPd in
acetonitrile (—), TON spectrum (@), and the calculated oscillator
strengths of the S, states (gray). c) Efficiency spectrum ®(4) of the
photon-to-hydrogen conversion of the catalytic process calculated as
the ratio of the TON values and the extinction coefficient, normalized
to a constant photon flux.
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H,-evolving photocatalyst [(tbbpy),Ru(tpphz)PdCl,](PFy),
(RuPd, Figure 1a; tbbpy=44'-di-tert-butyl-2,2"-bipyridine,
tpphz = tetrapyrido[3,2-a:2',3'-c:3",2"-h:2"" 3""-j|phena-
zine).™™ Previous results indicated that photoexcitation of
RuPd within the metal-ligand charge-transfer (MLCT) band
yields an excited state with excess electron density spread
over both tbbpy and the tpphz bridging ligand.!'”! Herein we
describe how catalytic efficiency is linked to the localization
of electron density in the initially populated excited state.

The amount of hydrogen produced was measured for
various irradiation laser wavelengths (see the Supporting
Information). Figure 1b displays the resulting TON spectrum
TON(A) (TON = turnover number) together with the MLCT
absorption spectrum and the oscillator strengths of RuPd
calculated by TDDFT (time-dependent density functional
theory). The maximum TON of 161 is obtained close to the
extinction maximum at A =458 nm (Figure 1b). This TON,
which is significantly higher than that in previous investiga-
tions, is associated with the addition of 10 vol% H,O. The
activating effect of water might be the result from altered
solvent polarity, increased proton mobility, or the propensity
of water molecules to act as ligands at the Pd center. For other
excitation energies the TON values decrease according to the
absorption spectrum. Similar behavior was observed recently
for heterogeneous photocatalytic hydrogen production with
graphitic C;N, (g-C;N,) where the catalytic activity strictly
follows the absorption spectrum.'®'”] However, for the
supramolecular catalyst RuPd remarkable differences
between the absorption spectrum and TON(1) become
evident. The extinction coefficient tails off much more steeply
in the range of 450 to 550 nm than the TON(4) values. This
finding raises the question whether the absorption of photons
of any wavelength within the MLCT band of RuPd would
yield identical catalysis results. To address this question the
TON values were converted into an efficiency spectrum ®(1)
of the catalysis, which was calculated from the ratio of the
TON values and the extinction coefficient of RuPd normal-
ized to a constant photon flux (see Figure 1c and the
Supporting Information).

It is clear from Figure 1¢ that ®(1) increases with
increasing wavelength in the range between 400 and
530 nm. ®(630 nm)=0 indicates a spectral range in which
absorbed photons do not result in catalytic activity.

The efficiency spectrum ®(1) (Figure 1c) shows that the
extinction coefficient does not correlate with the TON(4)
(Figure 1b). The absorption of low-energy photons leads to
higher catalytic efficiency than the absorption of higher
energy photons. Thus the observed discrepancy between ®(1)
and TON(A) can be explained by the fact that the absorption
spectrum exhibits smaller extinction coefficients for photons
of longer wavelengths and lower energy.

With respect to the spectral dependence of hydrogen
production, the present study shows that excitation of RuPd
at shorter wavelengths leads to a higher integrated hydrogen
production than excitation at, for example, 4=514 nm.
However, the photon-to-hydrogen conversion efficiency
®(1) shows the opposite trend (Figure 1c¢). To examine the
molecular mechanism underlying the efficiency spectrum
®(1), we characterized the initial starting point of the
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photochemical reaction, that is, the Franck—Condon region,
by means of resonance Raman (RR) spectroscopy. RR
spectra contain information about modes that display a
large nuclear displacement from the equilibrium geometry at
the Franck—Condon point.”?

For a quantitative analysis the RR spectra were normal-
ized to the solvent band at 1375 cm™' and deconvoluted by
fitting them to a sum of Lorentzian profiles. The mode
assignment was based on RR spectra of the complex
[(tbbpy);Ru]**, and on DFT and TDDFT calculations (Fig-
ure 2a)."”! Figure 2a displays the quantitative assigment of
the modes to different ligands. In Figure 2b the area of the
different ligand-associated modes normalized to the total area
of all modes is plotted as a function of the excitation
wavelength. This analysis reveals that when the excitation
wavelength is shifted to lower energy, the electron density of
the excited state shifts from the terminal tbbpy to the tpphz
bridging ligand . This result is confirmed by the TDDFT-
calculated RR spectra (see Figure2 and the Supporting
Information).

When the electron density distribution of the initially
photoexcited state is compared to the efficiency spectrum
®(1) (Figure2d), it becomes apparent that the latter
spectrum correlates strongly with a localization of the
electron density on the tpphz bridging ligand. In other
words, for increasing pump wavelengths the contribution of
the tpphz ligand on the localization of the electron density of
the first excited state increases simultaneously with the
efficiency spectrum (Figure 2d). This correlation indicates
the importance of the initial photoexcitation for the efficiency
of the catalyst: The efficiency of hydrogen production is to a
great extent influenced by the localization of the electron
density (< 10 fs) of the initial excitation despite the relatively
slow Ru—Pd electron transfer (a few 100 ps)!'” and the yet
slower diffusion-limited reduction of the charge-separated
state by the electron donor. If MLCT results in the transfer of
an electron to one of the terminal tbbpy ligands, this
excitation is less likely to contribute to hydrogen production
than the direct excitation of the tpphz bridging ligand would.

Our results indicate future challenges for the synthesis of
PMDs.”! The Franck—Condon point must be designed in such
a way that already the initial electron-transfer step proceeds
directionally towards the catalytically active center. This
points out the importance of specific “Franck-Condon
design” to be considered along with conventional parameters
such as the electron-storage capabilities of the bridging
ligand,” rapid electron and energy transport within the
supramolecular system,?*%] and the stability of the catalyti-
cally active charge-separated state.

Based on the correlation between the initial electron
density distribution of the excited state (in less than 10 fs) in
the supramolecular catalyst, which depends on the excitation
wavelength, and the amount of hydrogen formed under
identical excitation conditions, the general design concept
must be re-examined, and all potential photoaccessible states
at the photocenter must be taken into account. A more active
photocatalyst should generate a high portion of a bridging-
ligand-localized excited state at all incident wavelengths. The
optimization approaches implemented so far focusing pri-
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a) Experimental Section
Theory: 458 nm Technical details of the RR spectrosco-
py can be found in Ref. [20]. Informa-
tion about the detection of hydrogen
-;3 = = — = - o = and calculation of the RR spectra can
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Figure 2. a) TDDFT-calculated resonance Raman (RR) spectrum and experimental RR spectrum
(black) of RuPd normalized to the acetonitrile solvent band at 1375 cm™ (Aeycitation =458 nm). The RR
spectrum was deconvoluted by fitting to a sum of Lorentzians to determine the vibrational modes of
the two ligands, tbbpy (blue) and tpphz (magenta). The overall fit is represented by the yellow
dotted line. The same deconvolution procedure was also applied for the excitation wavelengths 476,
488, 496, and 514 nm (see the Supporting Information). b—d) Absorption spectrum of RuPd: b) Peak
areas of the RR bands of the tbbpy and the tpphz ligands; c) Peak areas of the RR bands of the
tbbpy and tpphz ligands divided by the sum of the peak areas of tbbpy and tpphz modes;

d) Correlation of initial localization, that is, area of RR bands of tpphz and tbbpy divided by the

extinction coefficient, with the efficiency spectrum ®(4).

marily on the electron-storage capability of the bridging
ligand must be corrected such that terminal ligands are chosen
appropriately. In the process it should be ensured that the
Franck—Condon point is not localized on the terminal ligands;
in other words, optimal terminal ligands should not be able to
accept electrons in the electronic excited state. A potential
group of ligands that combine these newly defined require-
ments together with a stabilization of Ru" centers are
bibenzimidazoles because they do not contribute to the
localization of the first excited state. This observation is
very reminiscent of natural photosynthesis where fast and
highly efficient directional energy transfer occurs prior to
electron transfer from the reaction center, thus limiting
detrimental side reactions. The key to unlock the full
potential of light-driven molecular catalysis lies in answering
the question of how the multitude of initially populated
MLCT states can be converted to one reactive state with high
efficiency.
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