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Introduction

The impact of increasing atmospheric concentrations of
CO, on life is driving the urgent development of carbon
neutral energy conversion approaches. Solar devices are
generally considered to be one of the most promising op-
tions for environmentally friendly renewable energy. The
amount of solar energy reaching the earth in one hour
exceeds the annual global energy use!, illustrating the
potential of converting sunlight into electricity or fuel. A
key challenge faced in the use of photovoltaic cells lies in
the storage of energy. This constraint has stimulated the
development of photocatalytic systems that can convert
sunlight into fuel directly, with light-driven generation of
H. from water at the forefront of these efforts.

Amongst various approaches, H. generating photocata-
lysts that mimic photosynthesis have been studied inten-
sively in recent years.>5 In these photocatalysts an organ-
ometallic photosensitizer is bound chemically to a cata-
lytic moiety via a bridging ligand (intramolecular ap-
proach, see Figure 1). This assembly offers key advantages
over an intermolecular approach in which the photosensi-
tizer and catalytic moiety units are mixed in solution,
relying on diffusion-limited electron transfer to the cata-
lytic moiety to enable proton reduction.® An additional
component essential in both approaches is the sacrificial
agent, regenerating the photosensitizer after light-
induced electron transfer to the catalytic moiety.
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Figure 1. Chemical structure of RuPt in anhydrous acetoni-
trile.>s The right panel illustrates the possible local structures
of the Pt catalytic moiety in solution.

Since the first reports on H, evolving Ru/M (M = Pd or Pt)
organometallic supramolecular photocatalysts inde-
pendently published by Sakai® and Rau® in 2006, efforts
have been made to develop efficient photocatalysts. To
increase their efficiency, control of each of the elementary
steps of the photocatalytic hydrogen generation process is
essential. Mechanistic insights as those developed here
are also relevant for the development of economically
attractive Cu- and Fe-based alternatives."7 Many of the
successful designs originate from Ru-based photocata-
lysts.

Time-resolved x-ray absorption spectroscopy (XAS) is a
powerful method to achieve mechanistic insight into pro-
cesses occurring at optically dark catalytic metal moieties.

In the case of photocatalysts in particular, it is important
to understand photoinduced changes in the oxidation
state and coordination geometry of the reaction center.
Due to the atomic selectivity of the x-ray probe, this
technique can monitor the dynamics at a selected metal
center and can thus be applied to probe the essential pho-
toinduced electron transfer step to the catalytic site and
the associated atomic rearrangements in real-time.7
Experiments at synchrotron facilities typically have a time
resolution of tens of ps and are well suited to identify the
fast and slow dynamics in complex systems. In addition to
visualizing early-time excited state processes, x-ray ab-
sorption spectroscopy experiments with ps time resolu-
tion were demonstrated to be capable of tracking reaction
intermediates in e.g. catalytic hydrogen evolution.?>24
These experiments were performed on a mixture of a pho-
tosensitizer, a sacrificial agent and a Co catalyst (i.e. the
intermolecular approach) and allowed to detect the Co!
intermediate species formed by reduction. Importantly,
the local structure of the Co catalyst was found to play a
critical role in the transiently formed species and the
catalytic activity. These studies illustrate the potential of
time-resolved x-ray spectroscopy to develop mechanistic
understanding of photocatalytic hydrogen generation.

We recently developed a series of new Ru-metal photo-
catalysts, of which the RuPt derivative (see Figure 1)
showed a H, turnover number of 8o after 6 h of irradia-
tion at 470 nm.> An important observation made is that
the structure of the catalytic moiety plays a critical role in
the early-time photodynamics®®, which are generally ac-
cepted to have a major impact on the photocatalytic per-
formance.?”?® Femtosecond optical transient absorption
measurements showed important differences between
RuPt and its RuPd analogue.?® The spectrotemporal be-
havior of RuPt is highly complex, indicating a ~1 ps
quenching process of the triplet metal-to-ligand charge
transfer GMLCT) states localized on the individual lig-
ands, populated after light absorption and intersystem
crossing, by a lower-lying T; state. The behavior of RuPt
strongly depends on the excitation wavelength, and the
contribution of the T; state is particularly prevalent for
excitation at relatively low photon energies. This T, state
is unlikely to be localized on the ligands, as it shows a
very weak absorption in the blue-ultraviolet region typi-
cally associated to ligand-based transitions. The absence
of such a ~1 ps quenching process for the monomeric Ru
precursor suggests that the Tj state is associated with the
Pt catalytic moiety. A second ultrafast process with ~100
ps decay time was exclusively observed for RuPt and may
thus also be related to the Pt catalytic moiety.¢

The minor reduction in 3MLCT lifetime and photolumi-
nescence quantum yield observed for RuPt and its RuPd
analogue relative to their monomeric Ru precursor could
suggest a photoinduced electron transfer from the bridg-
ing ligand to the catalytic moiety at a slow ~100 ns time-
scale.®> 29 An alternative explanation is that the photolu-
minescence intensities and lifetimes may reflect relative
populations of excited states localized at the individual
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ligands (with the state at the bridge potentially delocal-
ized over the catalytic moiety??), rather than the dynamics
of intramolecular electron transfer from the photosensi-
tizer to the Pt moiety. Thus, the photoexcited electron
density in the complex may become delocalized over the
bridging ligand and the catalyst much faster than these
photoluminescence data suggest. To discriminate be-
tween these two scenarios, synchrotron-based transient x-
ray absorption experiments with ps time resolution have
been pursued to identify photoinduced changes in oxida-
tion state and the geometry of the Pt catalytic moiety. The
interpretation of the time-resolved x-ray absorption data
is supported by time-resolved photoluminescence and
transient optical absorption data. An important feature of
fs transient absorption spectroscopy is that experiments
can be performed at a low (kHz) repetition rate and a
relatively long integration time. The low repetition rate is
important to avoid a new photoexcitation step before the
prior event decaying at a (sub-)ps time scale has final-
ized. Fluorescence upconversion could be an alternative,
providing that instead of at a high repetition rate* exper-
iments can be performed at a low repetition rate.

In the ground state Pt is most likely in its 2+ oxidation
state as Pt' species are unstable, and the complex forms
the well-known square-planar coordination Pt" d8 com-
plexes are known for.332 As shown in Figure 1, Pt is coor-
dinated to one C atom, one N atom and two I atoms.> 33
Upon dissolving in acetonitrile, one solvent molecule like-
ly becomes coordinated to the Pt atom, substituting one I
anion.? 3 The fourth coordination site remains occupied
by an I anion, as indicated by NMR and elemental analy-
sis.> The position of the I- anion and the solvent molecule
may adopt either a cis or a trans configuration (see Figure
1). A number of photochemical reactions involving the
bound and the now free I- ions are feasible, such as the
formation of 15 at the I coordination site, or the reaction
of Pt with I, or I,” in an oxidative addition process, form-
ing a hexa-coordinated Pt complex.3+3°

The aim of this study on RuPt is thus to shed light on the
nature of the optically dark Tj state and understand the
photochemical processes at the Pt catalytic moiety.

Experimental section

Synthesis and steady-state optical characteriza-
tion

The synthesis of RuPt with this bridging structure can
lead to the formation of a dinuclear form with one Ru
photosensitizing moiety and one Pt reaction center or to
a pentanuclear form with two photosensitizer units and
three connected Pt atoms, as described in detail in ref. 25.
The current experiments were performed on the di-
nuclear structure shown in Figure 1. The complexes were
dissolved in acetonitrile (Sigma-Aldrich, anhydrous, puri-
ty >99.9 %) and placed in 1 cm path length cuvettes for
steady-state optical measurements. UV-vis absorption
spectra were recorded using a Shimadzu UV-1800 spec-
trophotometer. Steady-state photoluminescence spectra
were obtained using a Horiba Jobin Yvon FluoroMax-4

spectrofluorometer with excitation at 450 nm. Both ab-
sorption and photoluminescence spectra were recorded at
room temperature.

Time-resolved optical experiments

Transient absorption (TA) experiments were both pur-
sued in the fs-ps time window and in the ns-ps time win-
dow. The polarization of pump and probe was set at 54.7°
to avoid anisotropy effects. The fs TA setup*® and experi-
mental conditions>® were described in detail earlier.

The ns TA experiments were performed with a frequency-
doubled electronically delayed and triggered Nd:YVO,
laser with 3 mJ/cm?, 1 ns, 532 nm as the pump and a su-
percontinuum probe generated by focusing 800 nm, 65 fs
laser pulses into a CaF, crystal. The CaF, crystal was
mounted on a continuously moving stage to avoid ther-
mal damage. The supercontinuum probe signal was dis-
persed by a grating and measured with a pair of diode
arrays. The sample was dissolved to 0.02 mM in anhy-
drous acetonitrile (Sigma-Aldrich, purity >99.9 %), de-
gassed by dry Ar for 15 minutes and sealed in an airtight 1
mm cuvette.

Photoluminescence decays were obtained by exciting the
RuPt sample (0.02 mM in anhydrous acetonitrile, Sigma-
Aldrich, purity >99.9 %, degassed by dry N, for 30
minutes) with the frequency-doubled output of a Nd-YAG
laser (532 nm). The photoluminescence signal was dis-
persed by a spectrograph and detected using an amplified
CCD camera. The signal acquisition by the camera was
gated electronically. The photoluminescence decay was
obtained by integrating the recorded emission signal in a
spectral window from 550 nm to 820 nm at various gate
delays. The full width at half maximum of the instrumen-
tal response function (Gaussian) was determined to be
4.7+t0.2 ns. The data were corrected by subtracting the
background dark counts.

Steady-state X-ray absorption experiments

Steady-state x-ray absorption spectra of the Pt L3 edge in
the near-edge (XANES) and extended (EXAFS) regime
were obtained at the beamline 11-1D-D of the Advanced
Photon Source (Argonne, IL, USA) during the same
measurement campaign as the transient x-ray spectra
discussed below. The RuPt photocatalyst was dissolved in
75-100 ml batches to a concentration of 0.5 mM -1 mM in
anhydrous acetonitrile (Sigma-Aldrich, purity >99.9 %),
degassed by dry N, for 30 minutes and kept under con-
stant N, environment during the measurement. The solu-
tion was flown in a round jet with approximately 1 mm
diameter and a flow speed of 1-2 m/s. The total x-ray in-
duced fluorescence was measured by two x-ray diodes
equipped with Soller slits and a Z-1 Zn foil of 6 absorption
lengths. Details of the setup were reported earlier.3” The
energy was calibrated simultaneously by measuring the x-
ray absorption spectra of a metallic Pt foil using the x-ray
photons after the sample jet.

Due to the collection mode described in the next section,

the steady-state near-edge spectra were collected contin-
uously during the whole experimental campaign, allowing
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intervention once the first accumulative sample damage
was observed, typically after 16-18 h of data collection.
Steady-state and pump-probe XANES were collected on
fully refreshed parts of the jet. During data analysis the
spectra were filtered and no data was used in which any
(integrated) sample damage was significant. The damaged
sample shows a distinct differential feature very different
from the pump-probe signals shown in next section. The
mode of data collection ensured that the steady-state
XANES was collected with significantly higher statistics
(approx. x 4000) than the single bunch synchronous
pump-probe experiment for the same time interval. The
whole sample volume was illuminated for less than 4
minutes. This procedure also ensured the observation of
accumulative chemical reaction(s) altering the XANES
spectra, if occurring.

Time-resolved X-ray absorption experiments

Time-resolved x-ray absorption measurements were pur-
sued at beamline 11-1D-D of the Advanced Photon Source
(Argonne, IL, USA). Details of the experimental setup
were described in the previous section and in earlier pub-
lications.” The experiments were conducted in the 24
bunch mode with a bunch separation of 153 ns and a typi-
cal x-ray bunch width (FWHM) of 79 ps. The sample was
excited with a 527 nm laser pulse (5 ps duration, 1.6 kHz
repetition rate) focused to a 500 pm diameter spot size
with an intensity of =190 mJ/cm? per pulse. The excited
spot on the flowing liquid jet was probed with the syn-
chronized x-ray bunch at the chosen time delay after laser
excitation and the consecutive bunches were spaced in 153
ns time intervals. The bunch-to-bunch normalization
allowed the use of the same x-ray bunch during multiple
orbits in the storage ring and thus the study of dynamics
beyond 3.6 ps with the same photoexcitation pulse. After
approximately 320 ps, the laser irradiation area flew com-
pletely out of the probed region (as observed by following
a linear decaying signal and verified by estimations based
on flow speed and laser focus diameter) and a number of
bunches were used to collect steady-state XANES before
the arrival of the next laser pump pulse, which was thus
exciting a fully refreshed sample spot. The x-ray probe
spot was with approximately 50 pum (vertical) by 500 pm
(horizontal) significantly smaller than the pump spot and
it is thus reasonable to assume a homogenously excited
sample. From the steady-state optical absorption, geome-
try and pump photon flux, 79 % of the molecules in the
probed spot were estimated to be photoexcited, which is
necessary due to a competing loss channel at the periph-
eral ligands.?®

Data analysis

The open source program Glotaran3® was used for the
analysis of the fs-ps TA data. The ns optical TA data was
analyzed using methods provided by the python compu-
tational package SciPy?*® and a newly developed python-
based analysis suite. The data of multiple scans was aver-

aged, sections that showed scattered light from the pump
beam were masked and the data was binned into equal 1
nm wavelength bins. The data was then modeled by con-
secutive exponential decays using a 1 ns instrument re-
sponse function and a global analysis scheme presented
previously.+4* In short, a model is formed that predicts
the temporal development of different species using the
lifetime parameter as input. For each new set of lifetime
parameters, the spectral components were assigned to
each species by a least-mean-square optimization to the
data. A Nelder-Mead minimization algorithm from the
SciPy computational package was used to minimize the x2
by optimizing the lifetime parameter for the given model,
the instrument response function and potential time-
offsets. The decoupled optimization of lifetime parameter
and spectral components makes this type of analysis ro-
bust against noise in the measured transient spectra.

Steady-state EXAFS were analyzed using the Athena and
Artemis packages#. The scattering paths were calculated
using FEFF 6. The analysis followed the approach recom-
mended in the literature.4445 The absolute energy scale of
each scan was calibrated with a simultaneously collected
reference foil measurement. The parameters of the model
were optimized both in k and R space with k, k> and k3
weights, leading to fits of very similar quality. Different
model molecules were generated with a procedural code
and their parameters were in turn refined in Artemis. In
addition to this parameter refinement, a number of other
structural models were tested by calculating the full mul-
tiple scattering with FEFF 8.64 and generat-
ing/optimizing these structures with a procedural code
followed again by an EXAFS refinement. This second pro-
cedure was necessary to test a wider range of possible
structural alternatives then the simple refinement meth-
od permitted.

The XANES scans were energy calibrated using the refer-
ence foil, scaled to an edge step of one and summarized
for a number of different bunches of the probing x-ray
light. These averaged data were compared for different
periods of one sample batch and between different sam-
ple batches to exclude data from radiation damaged mol-
ecules. Once radiation damage was observed, data from
this batch was excluded from the analysis. The transient
XANES for delay times <2 ns, 150 ns and 300 ns was
formed by averaging the signal of single bunches follow-
ing laser excitation. The transient data for longer delay
times used the average of multiple consecutive x-ray
bunches (spaced by 153 ns).

For modeling of the XANES at the L3 edge, a new python
routine was created that combines parametric movement
(translation and rotation) of single atoms or whole struc-
tural groups with control parameters describing e.g. the
electronic configuration and other calculation parameters
into input files for FEFF 9.4° This routine enables the effi-
cient and restrained optimization of all simulation pa-
rameter or, limiting the number of re-calculations, the
optimization on a surface span by a few pre-calculations,
similar to the approach in Fitlt.#7 By using this method, a
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1 wide variety of structures and parameters were created, OO e
2 allowing to calculate the XANES and compare these to a) Lo _
3 the experimental spectra. The linear regression was done 5x10' 1 g
4 using the SciPy Statsmodels package.*® - Los g
5 | £
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3> Figure 3. (a) Femtosecond transient absorption spectra of RuPt in anhydrous acetonitrile at 527 nm excitation and (b) kinetic traces
56 at key wavelengths, with fits based on a sequential model with lifetimes of 980+184 fs and 99+12 ps included as lines. (c) Nanosec-
U ond transient absorption spectra at 532 nm excitation and (d) kinetic traces at key wavelengths with fits based on a sequential mod-
58 el with lifetimes of 21+5 ns and 340+50 ns included as lines. The signal raise corresponds to the 1 ns excitation pulse width.
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The photoluminescence decay is well described by a
mono-exponential decay function with a lifetime of 254+8
ns.

Transient optical absorption

To support the interpretation of the time-resolved x-ray
absorption data discussed below, transient absorption
experiments have been pursued at various pump wave-
lengths and time windows. Figure 3a shows the fs transi-
ent absorption spectra of RuPt at 527 nm excitation, with
a strong excited state absorption (ESA) band >530 nm
indicating population of the Tj; state.?® The negative signal
from 450 nm - 520 nm is due to ground state bleach
(GSB). The weak ESA in the 350 nm - 450 nm window
suggests a minor population of 3SMLCT states.?® Figure 3b
shows the kinetic traces at 480 nm and 650 nm. The sig-
nal at 480 nm becomes less negative on a ~1 ps timescale,
indicating a potential SMLCT — T; quenching process,
which is more evident for excitation at higher photon
energies. Photoexcitation at 516 nm or 480 nm (favoring
the population of 3SMLCT states) also gave a third kinetic
component indicating ~5 ps 3MLCTypy — 3MLCTyy,y inter-
nal conversion competing with vibrational cooling at the
bpy ligands. The lack of evidence for this process at 527
nm photoexcitation with the simultaneous strong ESA for
the T; state indicates a non-equilibrated population of
excited states and a favored population of the T, state due
to a lower photoexcitation energy.® The broad ESA >550
nm partially decays on a ~100 ps timescale, as illustrated
by the kinetic trace at 650 nm. The nature of the T; state
is unknown, although the absence of the ~1 ps and the
~100 ps components for the Ru monomeric precursor and
the RuPd analogue®® seems to suggest an important role
of the Pt catalytic moiety. As discussed in the introduc-
tion, it is unclear when the photoelectron reaches the Pt
moiety and what is the nature of the electron transfer

process.

Transient optical absorption experiments have also been
performed in the ns — ps time window (Figures 3¢ and 3d,
photoexcitation at 532 nm). Analogous to the early-time
spectra shown in Figure 3a, a strong ESA >550 nm is ob-
served. Its spectrotemporal behavior is well described by
two timescales of 215 ns and 340+50 ns. The latter value
is relatively close to the photoluminescence lifetime (Fig-
ure 2b), the difference in values may be due to different
experimental conditions, in particular the photoexcitation
intensity, concentration and degassing conditions. The
normalized kinetic traces in Figure 3d show that the de-
cay is independent of the ESA wavelength in the probed
range. The origin of the 21+5 ns and 340+50 ns decay
times will be discussed below.

Steady-state x-ray absorption

Figure 4 shows the analysis of the steady-state extended
x-ray absorption fine structure (EXAFS) data. The meas-
ured EXAFS was modeled by a number of different struc-
tures, including amongst other the original RuPt photo-
catalyst and the complex in which one or both I- anions
were replaced by acetonitrile or I; (see ESI section 1 for a
complete list). For each structure the parameters were
optimized to yield the best x2 and the resulting structural
parameters were analyzed for feasibility (results with e.g.
negative Debye-Waller factors were rejected). In the op-
timum x2 associated structural configuration one I~ anion
is replaced by acetonitrile in the cis configuration (see
Figure 1). The right panel of Figure 4 presents this opti-
mized structure and its structural parameters, confirming
earlier calculated parameters except for a slightly extend-
ed Pt-N1 bond length (1.968+0.03 A vs 2.1 A).>5 This struc-
ture was used as the basis for all further calculations. The
edge position E, corresponding to the oxidation state was
left to optimize as part of the fitting process.
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; 7 010 R-space kw=1
= 00 = o ® Nitrogen
= % 0.05 1 — Fit Window i
¥ 02— betm — FE — Windoa - L Platinum
. i . 0.00 - i i
2 4 3 8 12 0 1 2 3 4 s 8 @ lodine
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05 by 0754 &1
— 054 —
i T ns R-space kw=
-% ool E 0.50 s
= T 0251 — Fit Window
L — Fil = Window
S —— oo EEZ 1 VAT
a4 & 8 1 e 1z 3 4 5 6 Fitin R-space with Kw=1,2,3;
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Figure 4. Analysis of extended x-ray absorption fine structure spectrum. Panels (a-c) present the data and fit in k-space for dif-
ferent k-weights, panels (d f) are data and window in R-space for different k-weights. The fit was performed in R-space with kw
=1,2,3 and paths up to 3.2 A. The key results and structure are shown in the right panel, with distances given in A.
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1 Transient x-ray absorption component, the growth of the second spectral component
2 Figure 5a shows transient x-ray absorption spectra of halts and is stable within this time window. There are
3 RuPt at various time delays after 527 nm photoexcitation. minor changes between the spectra measured at 150 ns
4 The earliest difference absorption spectrum at 30 ps (Fig- and 300 ns, as well as between the spectra measured at
3 ure 5¢) indicates that the Pt catalyst is already reduced at 300 ns and 10 ps (see Figure 5a). The first spectral compo-
6 this timescale. The linear regression analysis, i.e. nent has no intensity left at these measurement times.
% log.(intensity) vs. time presented in Figure 5b, shows that The XANES spectra were modeled using the software
8 the signal intensity decreases on a 930+100 ps timescale. package FEFF 9.6.5 with the self-consistent field poten-
9 The change in shape of the integrated signal suggests that tials and multiple scattering algorithm (full parameter set
10 this decay is due to more than a single component. Thus, is given in the ESI section 2). In Figure 6a the measured
1 singular value analysis (SVD) was pursued to elucidate ground state XANES (brown) is shown versus the mod-
12 the involvement of different spectral components. Figures eled ground state (black, abbreviated as GS). The ground
13 5d-f show the results of this analysis, in which the data state model GS reproduces the measured spectrum very
14 matrix W, which represents spectra corresponding to dif- well, including the position of the features at 11.575 keV
15 ferent delays, was factorized into W = USV". The first two and 11.585 keV, while slightly underestimating the total
16 spectral components in U have significant features and intensity in this region. This behavior has also been found
17 are shown in Figure 5f, scaled with the singular values in other publications.* Following the methodology es-
18 from S whose values are drawn in Figure 5d. tablished in the literature, the observed and calculated
19 These two spectral components have the same shape as white line intensity for this complex lays between the
20 the measured spectra at 60 ps and 10 ps (see Figure 5a) values typically assigned to Pt" and Pt" complexes (see
21 and their time evolution is thus relevant and can be ana- also ESI Figure S7) and we observe a reduced Fermi pa-
22 lyzed. The small S value, spectral shape and unphysical rameter in the FEFF modeling, both indicating a partial
23 time evolution of the third spectral vector suggests that it oxidation of the Pt catalytic center.5>
24 has to be considered as primarily noise related. The tem- To model the reduced state (RS) we have taken into ac-
25 poral evolution of the first two vectors were again mod- count the higher occupancy of the d level (shift of Fermi
26 eled by linear regression (without the 30 ps time point, level by 1.0 €V) accompanied by a small chemical shift of
27 using only the time points up to 1 ns), suggesting a life- the spectrum (0.3 eV), while keeping the same local struc-
28 time of 88o+117 ps for SVD component 1 and 630+270 ps ture of the complex. It describes the difference spectra
29 for SVD component 2. The lifetime for the first compo- measured at 60 ps well (see Figure 6b). The SVD analysis
30 nent and the value determined from the integral in Figure indicates that the transient at 60 ps is a mixture, with ca.
31 5b (930+100 ps) match within the error margins. It is ap- 86 % RS and 14 % of the species dominant at 10 ps. This
32 parent that synchronous to the decay of the first spectral mixed model describes the shape at 11.568 keV better than
33
34 10]a) . va—— i
35 — Wps | 3 3 SRRl
36 g 05 S &l 5.0 \.-o- V0 anape 3
(=}
37 .E % 6l 2.5 \
38 g 00 ]
39 -E 54 @ 0.0
40 8 -05 2 -25
41 2 P : : @ 123 04 1 10 100
42 B -1.01 T 15\ etioras imcian & 0.5 ! integrated af‘g._‘ﬂ SVD order Time [ns]
43 g -] é; 0.0 = N : f] Spectral compenent
[ = & —0.5 §
45 3 £ 2 -1.5{— g%é’ps 5 0
46 B -2.0 £ b) S 204 1nsps ;
47 0 1060 200 1000 11.56 11563 11.566 11.569 21 — SVD shape 1
48 -25 delay time [ps] ) . Energy [keV] ) - ggggnggg%
49 1155 11,555 11.56 11.565 11.57 11.575 11.58 11.585 11.59 —41
Energy [keV] 11.54 1156 1158 11.59 11.61
50 Energy [keV]
51 Figure 5. a) Transient x-ray absorption spectra of RuPt in anhydrous acetonitrile at various time delays after 527 nm pho-
52 toexcitation (dots, the lines are intended to guide the eye). ¢) Zoom-in around the Pt L3 absorption edge at early time-
53 scales, b) signal intensity integrated over the grey area in c). The linear regression (without the 30 ps point) suggests a life-
>4 time of 930+100 ps. The time point at 30 ps is also shown corrected for the partial overlap of x-ray pulse and pump pulse.
55 d)-f) singular value decomposition (SVD) analysis of the signal matrix. d) The total intensity of the selected SVD compo-
56 nent. e) The temporal evolution of the first three spectral components shown in f). The linear regression (without the 30
57 ps time point) suggests a lifetime of 880+/-117 ps for SVD component 1 and 630+/-270 ps for SVD component 2 (see text).
58
59
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the pure RS model. The white line intensity of this species
is comparable with Pt!! complexes discussed in the litera-
ture (see ESI section 7) and shows the clear sign of a re-
duction compared to the GS.555° The narrow shape of the
difference feature suggests that the primary process we
can observe in this time window is a reduction due to the
electron transfer and not an oxidation process as would
be expected for excitation of a Pt-based MLCT transition
(see discussion).49 &

The long-lived species observed at 10 ps delay is charac-
terized by a higher intensity of the white line (positive
transient signal at 11.568 keV) and a shift of the absorp-
tion edge to higher energies (negative signal at the rising
edge of the spectrum around 11.564 keV, Figure 5a). These
are the typical signatures of Pt oxidation, suggesting a
long-lived intermediate. The white line intensity is com-
parable to the PtV complexes in the literature (see ESI
section 7).555¢ It is noteworthy that the observed differ-
ence spectrum is broadened further to higher binding
energies than can be explained by our proposed model,
this indicates the involvement of more than a single oxi-
dation reaction.

To understand the formation of such an intermediate, it is
important to point out that during the initial solvation

a) == measured ground state
T 154 = calculated ground state
5 == = reduced state (RS)
£ hexacoordinated Pt (HP)
_5 1.0
=
205]
(¢
0.0 T T T T T T T
11.85 11.56 11.57 11.58 11.59 11.6 11.61 11.62 11.63
_ energy [keV]
[=Y 11
5 ' 4
@
o
=]
®
*
5
= ® measured at 60 ps
E —2 == reduced state (RS)
= = 86% (RS) + 14% (HP)
< 4155 1156 1157 11.58 1159 116 11.61 1162 11.63
. energy [keV]
E 1.0
ES c) 'y
3 051 )|
"-\’S ]
g »
‘g D.D--‘t;\ ) - ..... Y
2 \ .' o measured at 10 s
2 °. hexacoordinated Pt (HP)
-0.5 . T . T . v :
< 11.55 11.56 11.57 11.58 11.59 11.6 11.61 11.62 11.63

energy [keV]

Figure 6. Modeling of XANES data: a) measured ground state
spectrum (brown) compared to the calculated ground state
spectrum (black) and two excited states RS and HP, b) differ-
ence XANES measured at 60 ps delay modeled with a reduc-
tion of the platinum site (RS) and a linear combination of RS
and HP, c) difference spectrum at 10 ps (brown), modeled
with an oxidative addition of two iodine ions (HP). The inset
shows the modeled complex.

each RuPt complex releases one I ion as can be under-
stood by the difference between the crystal structure and
the solvated structure discussed above. Thus a large
number of I" ions are available in solution and two pro-
cesses may occur. The first one is the formation of I, fol-
lowed by the substitution of I by I;. We have explored
the formation of 15~ by time-resolved Raman Spectroscopy
at 355 nm in an effort to detect the characteristic 15" en-
hanced Raman scattering, but these were not observed.

A second process suggested in the literature, combining a
strong oxidation with an enhancement of the white line,
is oxidative addition.343% 5759 Here I, from the solution
oxidizes the complex into a hexa-coordinated Pt' species.
We do have a significant amount of I ions present and it
is thus likely that I, is formed and this process is hence
possible. The strong oxidation, observed experimentally
as the white line enhancement and the failure to observe
the characteristic I; Raman signatures suggest that the
latter is the most likely process. We have thus modeled
the observed oxidative process at 10 ps with the hexa-
coordinated Pt species shown in Figure 6c (abbreviated as
HP) which shows reasonable agreement with the
experiment.  Alternative  models with  different
combinations of all components available in solution
occupying different bonding sites at various distances and
angles (see ESI section 1) give worse agreement with the
experimental data.

Discussion

The population of *MLCT, 3MLCTyyy, 3SMLCTyy and T,
states depends on the photoexcitation wavelength and is
non-equilibrated. More excess energy leads to a larger
population of 3MLCT4py and 3MLCTy,y states, and more ~5
ps 3MLCTy,y — 3MLCTy, internal conversion competing
with vibrational cooling at the bpy ligands.?® This non-
equilibrated population of excited states may be respon-
sible for the minor effect of the excitation wavelength on
the photoluminescence quantum yield (see ESI section 3).
The excitation wavelengths used in this work (527 nm and
532 nm) favor population of the Tj state after photoexcita-
tion of mostly Ru-based 'MLCT transitions (see ESI sec-
tions 5 and 6) to the bpy and tpy ligands and ultrafast
intersystem crossing.>*>* The fs transient optical absorp-
tion data indicate that this Tj; state is also populated via a
~1 ps 3MLCT — T, quenching process (Figures 3a and b).
The earliest transient x-ray absorption spectrum at 30 ps
(Figure s5c) already shows the reduction of the Pt site.
Hence, ultrafast population of the T; state may corre-
spond to reduction of the Pt site.

The subsequent timescale observed by transient optical
absorption is ~100 ps. Note that a comparable 86+40 ps
decay component, assigned to ground state bleach recov-
ery, has been observed earlier for a related RuPt
complex.® However, the cause of the ~100 ps component
here is likely different, as the ground state bleach signal
(Figure 3b, differential signal at 480 nm) does not change
at this timescale. The absence of a strong ~100 ps compo-
nent in the x-ray data indicates that the associated pro-
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cess is not directly correlated to the Pt moiety. Instead, it
may be related to the Ru photosensitizer.

From the time evolution of the AXAS, we observe first a
prompt appearance of a species with the signature of re-
duced Pt, which decays on a 880+107 ps timescale (Fig-
ures 5b and se). The AXAS evolves in both shape and
magnitude into the spectrum measured at 10 ps, indicat-
ing that a strongly oxidized species is formed on a
630+270 ps timescale, which has a lifetime of >10 ps. The
formation of the second species does not progress after
decay of the reduced species, showing that reduction of Pt
is essential for this reaction. The two timescales and in-
tensities are different, suggesting two separate decay
paths from the reduced Pt.

The transient X-ray absorption results suggest two possi-
ble alternative scenarios:

1. Reduction of Pt and oxidation of Pt are completely in-
dependent processes, occurring at different co-existing
RuPt photocatalysts. The first process is induced by elec-
tron transfer from the Ru photosensitizer to the Pt cata-
lytic moiety, while oxidation could be the result of a Pt-
based MLCT excitation.4> &

2. The initial Pt reduction step is essential to trigger the
oxidation process. Hence, Pt oxidation occurs only for
RuPt photocatalysts with reduced Pt centers, formed at
the earlier reaction step.

The observation of Pt-based MLCT transitions for Pt(II)
complexes*> © supports scenario 1. The Pt(II) species
formed after photoexcitation in this case will have a
weakly axial binding character, forming bonds with the
solvent, I, I,- or even I;. The Pt-based MLCT transitions
reported in the literature are however in a range of 300-
450 nm, suggesting that for 527 nm excitation used in the
transient x-ray experiments scenario 1 is unlikely. This
hypothesis is supported by Time-Dependent Density
Functional Theory simulations, indicating a dominant
contribution from Ru-based MLCT transitions at 527 nm
excitation (see ESI section 6). A minor contribution of Pt-
based optical transitions leading to ultrafast oxidation of a
small fraction of the Pt moieties is however possible. Fur-
ther evidence for scenario 2 is provided by the optical
transient absorption spectra of RuPt compared to its
monomeric Ru precursor (ESI section 5). For both com-
plexes a negative band around 400-450 nm developing
within the instrumental response time (100-150 fs) and
both slightly red-shifted relative to the UV-vis absorption
spectrum is observed. This signal is most likely mainly
due to ground state bleach and likely also has a contribu-
tion from excited state absorption. The absence of a sig-
nificant effect of the Pt moiety on the ground state bleach
at early time scales after photoexcitation indicates that for
RuPt Ru-based optical transitions are dominant at 527 nm
or 532 nm excitation, as Pt-based excitations should have
resulted in a clear change in ground state bleach. Moreo-
ver, the comparison of theoretical transient XAS data for
models with weak axial coordination of Pt by the solvent,
single I, I,- or even I;- with the experimental spectra show
worse agreement with the data.

Based on these arguments, we suggest that the strong
oxidation process we observe is oxidative addition of I, to
the initially reduced Pt center, forming a hexa-
coordinated PtV complex.343¢ As a random solution mix-
ture of 0.5-1.0 mM RuPt and reactive iodine species gives
according to the Stokes-Einstein equation a diffusion time
of several ns, the reactive iodine species is likely present
in the RuPt solvation shell. The reduced amplitude of the
difference signal (despite the strong oxidation) and the
slower decay rate of the initiating species suggest addi-
tional rate-limiting processes, maybe related to .. The
large error bars of the timescales make this argumenta-
tion however a mere suggestion that needs to be verified
by additional experiments, such as x-ray studies using the
iodine edge. The general timescale of <1 ns for the oxida-
tion reaction is very short, which could suggest a prior
arrangement of the reacting species.

The 21+5 ns and 340+50 ns components observed by tran-
sient absorption (Figure 3d) and the 254+8 ns photolumi-
nescence decay (Figure 2b) are nearly absent in the x-ray
data, which only show a minor change between 150 ns
and 300 ns, and 300 ns and 10 ps. The latter difference is
already present at 450 ns (data not shown). The absence
of a significant change in the x-ray spectra suggests these
processes to be associated with the Ru moiety rather than
the Pt catalyst. The complete excited state absorption
decay (Figure 3d) indicates that the photo-oxidized Ru
moiety is regenerated at this timescale. We cannot distin-
guish between the pathways leading to ground state re-
covery of the Ru moiety and thus have tentatively labelled
the species differently. Figure 7 shows a Jablonski diagram
of the proposed photoinduced processes.

The likely involvement of reactive iodine species (i.e. I, Iy
and/or L) in the strong oxidation process following the
photoinduced reduction of the Pt center may have im-
portant consequences for the mechanism of H, genera-
tion. The state-of-the-art design principle of supramolec-
ular photocatalysts is based on the use of more photons
(two for H, generation®?) and requires accumulative
charge separation.® We activate this catalyst with a single
photon, but possibly withdraw two electrons from the Pt
moiety. Such an approach could thus potentially bypass
the need for the highly challenging charge accumulation
and should be investigated in more detail under catalytic
conditions. This mechanism might also explain the gen-
erally higher photocatalytic activity of iodine-based pho-
tocatalysts relative to e.g. chloride alternativess+% and
presents a novel paradigm for hydrogen generation by
supramolecular photocatalysts.
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Figure 7. Jablonski diagram of processes occurring after pho-
toexcitation of RuPt, with the technique supporting this
conclusion indicated.

Conclusion

In summary, transient optical and x-ray absorption spec-
troscopy studies on light-induced electronic and structur-
al changes of a hydrogen generating supramolecular RuPt
photocatalyst show that reduction of the Pt catalyst oc-
curs at an ultrafast <30 ps timescale. The population of
excited states is non-equilibrated at ps timescales and
vibrational relaxation is competing with internal conver-
sion towards the bridging ligand and the catalyst. Thus,
not every absorbed photon leads to reduction of the Pt
catalyst. The reduced intermediate species decays at a
sub-ns timescale via two processes; a part of the complex-
es are strongly oxidized while a second part is returning
to the ground state. The strong oxidation process may be
driven by oxidative addition of reactive iodine species.
The oxidized intermediate is long-lived (>10 ps) and ulti-
mately recovers into the original ground state. This reac-
tion scheme implies that we may withdraw two electrons
from a catalyst that is activated by a single photon, bypass-
ing the need for accumulative charge separation for H,
generation.
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