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ABSTRACT: Building a detailed understanding of the structure—function relationship is a crucial ~Optical pump
step in the optimization of molecular photocatalysts employed in water splitting schemes. The
optically dark nature of their active sites usually prevents a complete mapping of the photoinduced
dynamics. In this work, transient X-ray absorption spectroscopy highlights the electronic and
geometric changes that affect such a center in a bimetallic model complex. Upon selective excitation
of the ruthenium chromophore, the cobalt moiety is reduced through intramolecular electron transfer
and undergoes a spin flip accompanied by an average bond elongation of 0.20 + 0.03 A. The analysis
is supported by simulations based on density functional theory structures (B3LYP*/TZVP) and
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FEFF 9.0 multiple scattering calculations. More generally, these results exemplify the large potential
of the technique for tracking elusive intermediates that impart unique functionalities in photochemical devices.

SECTION: Spectroscopy, Photochemistry, and Excited States

Harnessing efficient water splitting is a conceptual and
technical milestone in the development of carbon-neutral
fuel sources that has yet to be reached."* This chemical
reaction presents high thermodynamic and kinetic barriers
associated with bond breaking and formation, as it requires the
coupled evolution of oxygen and hydrogen.** Among the
various strategies that employ solar energy, homogeneous
photocatalysis offers distinct prospects for selectivity and
tunability. Motivated by early examples of water reduction
cascades inspired by the Z-scheme of natural photosynthesis,®
the exploration of the so-called molecular approach to
hydrogen generation®” has since then been continuously
pursued.*~"* In the three-component system™ ™" depicted in
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Figure la, the photosensitizer (PS) absorbs a fraction of the
incident light. The energy is used to transfer electrons from the
sacrificial donor (SD) to the relay (R) that reduces the catalytic
center (C). Once two electrons have been accumulated, this
last species further reacts with aqueous protons (H') to
produce hydrogen (H,). In the targeted solar fuel systems,
water itself will eventually be the source of electrons. The
general applicability of the cycle is evidenced by the growing
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Figure 1. (a) Schematic of a three-component system, comprising a photosensitizer (PS), a sacrifical donor (SD), a relay (R) and a catalytic center
(C). The intermediate species formed during the cycle are also indicated, see text. (b) Schematic of a one-component complex integrating these
constituents. {c) Molecular structure of the model complex [(bpy),Ru(tpphz)'Co™(bpy),](PF);.

variety of components that have been combined successfully,
with particular focus on incorporating inexpensive, abundant
and nontoxic first-row elements.'®>° Although such flexibility
should provide ample latitude for optimization, determining the
causes for limited performances in-operando (e.g, low tarnover
rates or degradation)"** is often difficult. A promising route,
suggested by the structural organization found within photo-
synthetic organisms, merges the basic constituents of a three-
component system into a single photochemical molecular
device (Figure 1b).2?* The conjugated linker (L) that
connects the light-harvesting and the redox active moieties
alleviates the participation of diffusion. This bridge can also act
as electron relay and reservoir”>® when it mediates directional
charge transfer via its acceptor orbitals. Studies resorting to
ultrafast optical spectroscopies in the UV—visible region have
established definite correlations between the overall efficiency,
the molecular architecture, and the deactivation pathways from
the initial Franck—Condon point to the manifold of low-lying
excited states located on the bridge.27’28 However, these
techniques probe optical transitions between delocalized
orbitals so that they are usually insensitive to dipole-forbidden
channels and bear the signatures of atomic rearrangements only
indirectly. Consequently, a comprehensive understanding of the
structure—function relationship at the catalytic center remains
to be obtained for this important class of complexes. The
present work demonstrates how ultrafast transient X-ray
absorption (XA) spectroscopy’™® can be added to the
analytical toolbox available to characterize the photoinduced
dynamics that take place at optically dark active centers.

The complex [ (bpy),Ru"(tpphz)'Co™(bpy),] (PF,), (Figure
1c), where bpy = 2,2’ bipyridine, tpphz = tetrapyrido (3,2
4:2'3"-¢:3",2"-h::2",3"+j) phenazine,”" represents a prototypical
model for intramolecular precatalysts employed in light-driven
hydrogen evolution. An improved protocol for its synthesis
from the building block [(bpy),Ru"(tpphz)] (PFy), is given in
SI1. Employing [Co™(bpy),(OTf),]OTf instead of
[Co™(bpy),CL]Cl produced the analytically pure bimetallic
compound in 75% yield as compared to 16%.”" The steady-
state optical absorption and emission spectra are shown in
Figure 2a for [(bpy),Ru''(tpphz)]*" and
[(bpy),Ru"(tpphz)'Co™(bpy),]*" in acetonitrile (CH;CN).
These species are designated by [Ru"=] and [Ru"='Co"]
hereafter. The regions between 340—380 nm, 400—440 nm and
440—550 nm are assigned respectively to tpphz ligand-centered
(LC), singlet metal-to-ligand charge transfer (MLCT) Ru—bpy
and Ru— tpphzy,,”" transitions. The pronounced emission
from *MLCT (Ru-tppthhen) is centered around 627 nm.*
Upon coordination of the 'Co™(bpy), moiety, the absorbance
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Figure 2. (a) UV—vis absorption and emission spectra for [Ru"=]
and [Ru"™='Co™] in CH;CN. (b) Transient absorption spectra for
[Ru"="Co™ ] in CH;CN at 0.2 ps, 1 ps, 10 ps after photoexcitation at
$27 nm (~80 fs pulse duration). The inset shows the transient kinetics
recorded at 580 nm.
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is slightly modified due to the interaction at the distal bpy of
tpphz. Moreover, 95% of the emission is quenched (Figure 2b).
Since the [Ru"=] emission and the [Ru"="'Co™] absorption
do not overlap significantly, Forster energy transfer can be ruled
out. Cydlic voltammetry indicates that electron transfer from
Ru" to 'Co™ is thermodynamically possible (SI2 in the
Supporting Information). Transient absorption spectroscopy
(Figure 2b and SI3) is used to determine the dynamics of the
process. A broad band with a maximum at 625 nm appears
quasi-instantaneously following femtosecond laser excitation at
527 nm. This is the known signature of reduced pyrazine®*** in
dyads linked through tpphz. The kinetics at the isosbestic point
between [Ru"™='Co™] and [Ru™=!Co™] obtained from
spectroelectrochemistry (at 580 nm, see SI2) track any optically
bright intermediate formed in the course of the charge
separation. This signal largely decays within a few picoseconds,
which is much faster than the few tens to hundreds of
picoseconds reported for related complexes.*”*> While the
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deactivation of the excited states is captured in the visible range,
no information about the dynamics at the reduced Co center
can be inferred.

By contrast, transient XA spectra acquired at the Co K edge
(7709 eV) reveal both the change of oxidation state and the
alterations in the local bonding environment of this optically
dark site. The experimental details are given in SI4. Figure 3a
displays the normalized XA coefficient y taken without laser
illumination (black) and 3 ns after excitation at 527 nm (red).
The signal Ay = [u (laser on) — g (laser off)] is shown in
Figure 3b. In order to assist the analysis, it is first compared to a
reference trace (Figure 3b), which is constructed by forming
the difference between the steady-state XA spectra of the
mononuclear complexes [*Co"(bpy); ] (ﬂtzg)5 ((ieg)2 (high
spin, HS) and ['Co™(bpy); ] (ﬂtzg)6 (low spin, LS) obtained
under identical experimental conditions (i.e.,, solvent, concen-
tration, counterion, jet speed and beamline settings). The inset
contains the k*-weighted traces, where k is the photoelectron
wavevector. The similarities demonstrate positively that
electron transfer is accompanied by a spin flip>® in the relaxed
photoproduct. Scaling the measurement to the reference readily
delivers the excited state fraction (65 +3%).

The transient XA fingerprints reflect the change in electronic
configuration from (ﬂtzg)é to (ﬂtzg)5 ((ieg)2 and the driven
atomic rearrangements. They can be explained within a simple
molecular orbital description of the X-ray induced transitions.
For quasi-octahedral d® complexes, the pre-edge feature P is
attributed to the electric-quadrupole 1s — 3d transition. It
corresponds to a single 1s — e, in 'Co™ (LS), while it splits
into several unresolved multiplets for 1s — t,; and 1s — e; in
*Co"™ (HS). The available S/N ratio prevented further
deconvolution. Across the near-edge region, the spectral
distribution maps the unoccupied p-density of states (p-
DOS). The shoulder A and the sharp white line B are ascribed
to the electric-dipole promotion of a core electron to Co(4p)—
N(2p) hybridized states. The population of the antibonding e,
in the Co" moiety causes the Co—N bond length to increase.
Consequently, the overlap between metal and ligand orbitals
decreases, and the hybridized states contain less ligand
contribution. The resulting stabilization accounts for a more
intense 1s — 4p transition that is down shifted by about ~1.5
eV (feature B’). FEFF 9.0 simulations of the XANES and
EXAEFS profiles based on structures obtained from crystallog-
raphy (CS) and B3LYP*/TZVP (SIS) density functional
theory (D¥FT) for [*Co™(bpy);] (LS) and [*Co"(bpy)s]
(HS) support the interpretation (Figure 3c). The unoccupied
p-DOS at the Co and N atoms are also shown in Figure 3d,e.
Since the broad features D and D’ can be traced back to single
scattering of the outgoing photoelectron by the nearest-
neighbor N shell, their positions approximately obey Natoli’s
rule,”” AE X R,* = constant, where AE is the photon energy
above threshold. Assigning C and C’ is more intricate, as they
arise from multiple scattering. Fitting the transient XA
spectrum in the energy range that contains the structural
information returns an average bond elongation of AR, = 0.20
+ 0.03 A (black curve in Figure 3b, and SI6). This value is in
agreement with the known average Co—N bond lengths of
1.934 + 0.005 A and 2.122 + 0.003 A for ['Co™ (bpy),] (LS)
and [*Co"(bpy),] (HS), respectively.*** The reconstructed
excited state spectrum is given in SI7. Figure 4 displays the
X-ray kinetics recorded at 7720 eV (A’) as a function of pump—
probe delay. The inset zooms on the early times.
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Figure 3. (a) Transient XA spectra acquired for [Ru"=!Co™] in
CH,CN at the Co K edge, laser off (black), and laser on (red) with a
delay of 3 ns. (b) Difference spectrum [g(laser on) — u(laser off)],
and reference spectrum. (inset) k*weighted traces as a function of
the photoelectron wavevector (c) XANES and EXAFS profiles
obtained from FEFF 9.0 simulations based on crystal structures
(light and dark green) and DFT results (blue and violet). (d)
Unoccupied p-DOS at the Co center for ['Co™(bpy);] and
[*Co™(bpy);] obtained from FEFF 9.0 calculations based on the
DFT structures. (e) Similarly, unoccupied p-DOS at the N atoms.
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Figure 4. X-ray kinetics taken at 7720 eV (feature A’) (black) and
single-exponential fit (gray). The onset of the ground state bleach
recovery from transient optical kinetics measured at 490 nm is inverted
and scaled for comparison (red).

With a temporal resolution limited to 80 ps, typical for
synchrotron experiments, *Co" (HS) appears promptly. This
population decays through thermal back electron transfer with a
single time constant fitted to 45 + 2 ns (SI8). This value
matches the ground state bleach recovery observed in optical
transient absorption spectroscopy.31

To summarize, the present work illustrates how transient XA
spectroscopy can directly monitor the coupled electronic and
structural dynamics at the optically dark center of a model
complex. Upon selective excitation of the ruthenium
chromophore, the cobalt moiety is reduced through intra-
molecular electron transfer. It concurrently undergoes a spin
flip accompanied by an average Co—N bond elongation of 0.20
+ 0.03 A. The mechanisms at play on the subpicosecond time
scale are still beyond the temporal resolution attainable at
storage rings, but will be accessible at the X-ray free electron
laser facilities that are coming online worldwide. In particular, it
should be possible to detect the participation of *Co™ (LS),
which has often been proposed as an intermediate step to
rationalize ultrafast intramolecular electron transfer involving
1Co™ (LS)/*Co™ (HS), but seldom identified unambiguously.41
More generally, transient XA spectroscopy is likely to provide
novel structural guidelines to refine the frontier-orbital
engineering of molecular photocatalysts. So far, the main effort
has been directed toward benchmarking how the peripheral
substituents can induce LUMO localization on the bridge for a
given architecture, a property that in turn favors high efficiency.
Owing to its element-specificity and its intrinsic sensitivity to
the coupling between electronic and geometric degrees of
freedom, the technique may contribute to uncover the various
factors that instead could promote rapid LUMO Iocalization on
the catalytic center itself, rendering the photochemical
molecular device more robust toward multiple reductions. In
combination with time-resolved X-ray scattering,**** it should
also deliver unique diagnostics about the dynamical evolution
of the chemical bonds that are essential to activity and stability,
e.g. halogen elimination or ligand dissociation."*** Finally, the
methodology will be generally applicable to a wide range of
phototriggered intramolecular phenomena, where short-lived
intermediates that cannot be detected optically, are the species
imparting advanced functionality.
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SI;: Synthesis of [(bpy),Ru"(tpphz)'Co™ (bpy),](PFs)s. SI:
Cyclic voltammetry and spectroelectrochemistry. SI;: Time-
resolved optical spectroscopy. SI;,: Time-resolved X-ray
absorption (XA) spectroscopy set up at 11-ID-D of the
Advanced Photon Source (APS). Sl;: Computational details
and results for the DFT calculations on ['Co™(bpy),] (LS) and
[*Co"(bpy),] (HS). Sl Procedure for fitting the difference XA
spectrum. SI;: Reconstructed XA spectrum of the transient
photoexcited state. SI: Fitting of the X-ray kinetics recorded at
7720 eV. This material is available free of charge via the
Internet at http://pubs.acs.org.
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