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Nanosecond optical and X-ray spectroscopy with theoretical cal-
culations reveal the formation of a photo-induced distorted tetra-
hedral Co' intermediate in two Ir/Co multimolecular assemblies and
indicate its protonation as the rate limiting step for H, photocata-
lysis. Substitution of the catalysts’ pyridine group on the para
position by —COOEt improves the protonation efficiency.

Developing sustainable methods for energy storage and dis-
tribution has become one of the most pressing scientific
challenges, driven by the rapid depletion of fossil fuels, envi-
ronmental degradation and the intensifying climate crisis."
Although important progress has been achieved in transitioning
from the extensive exploitation of CO,-emitting fuels to technol-
ogies based on green energy vectors (solar, wind, tidal and
hydroelectric power), the storage and transportation of such
sustainable sources still remains challenging.” An alternative
chemical form of energy carrier is highly desirable in the quest
of fulfilling the rapidly increasing global energy demands.

One means of storing energy from the sun is through fuel
forming reactions inspired by natural photosynthesis, such as
the light induced splitting of water into hydrogen and oxygen.
The prospect of using molecular hydrogen (H,) as a carbon-free
fuel has led to the design of ‘“sunlight-to-fuel” assemblies
consisting of a chromophore linked to a multi-electron multi-
proton catalyst.>* Most reported photocatalytic H, evolution
systems consist of photosensitizers and/or catalysts containing
noble metals, with the most efficient catalysts being complexes
based on platinum group metals.”” This presents a major
barrier to the development of highly efficient, non-expensive
and environmentally viable fuel-forming molecular devices.®
Efforts have thus been devoted to exploring earth-abundant
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catalysts capable of effectively producing hydrogen, with several
classes of cobalt and nickel complexes presenting high photo-
catalytic activity and great commercial potential.>'® In particular,
two of the most-commonly studied families of Co-based catalysts
are cobaloximes and complexes containing aminopyridine poly-
dentate ligands, with both classes presenting enhanced stability,
easy preparation through straightforward reactions and high
efficiencies."" '

Multimolecular assemblies'*—consisting of aminopyridine
cobalt catalysts bearing 1-[(4-X-2-pyridyl)methyl]-4,7-dimethyl-
1,4,7-triazacyclononane ligands (Scheme 1) and an Ir-based
photosensitizer—were recently found to display a maximum
turnover frequency (TOF) > 52000 h™" upon light irradiation.
Importantly, those systems presented a water reduction quantum
yield comparable to the highest reported values'>™'” for analo-
gous Co complexes. Substituting the pyridyl ring in the cobalt-
based catalysts with an ethyl ester (-COOEt) electron withdrawing
group, instead of a proton, led to a 6-fold increase'® in H,
production. Specifically, [1"'Co]*" and [1°°°®Co]** (Scheme 1)
exhibited H, evolution amounts of 0.042 + 0.002 mmol and
0.25 + 0.01 mmol, respectively."*

These findings clearly illustrate the capacity of ligand mod-
ification to alter the system’s stability and performance towards
water reduction. However, despite all the immense progress
in the design of water reduction catalysts, the structural
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Scheme 1 Chemical structures of the Co-based catalysts (17-Co" and
1COCECo') investigated in this work in multimolecular photocatalytic
systems with [Ir'"'(ppy).(bpy)l™, triethylamine and ascorbic acid.
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conformations of high-valent elusive photogenerated intermedi-
ates and their “real-time” interconversions remained unex-
plored. Furthermore, the influence of electron-withdrawing
ester groups on the Co-based catalyst, which are responsible
for its activity, was not investigated, yet of crucial importance.

Real-time observation of electron transfer dynamics and
characterization of the electronic and structural conformation
of transient states are critical for elucidating the underlying
mechanism. In this regard, this work aims at capturing the
elusive Co' catalytic intermediate state, which is essential for
the H-H bond formation through nanosecond optical and X-ray
transient absorption spectroscopy (OTA/tr-XAS) together with
time-dependent density functional theoretical (TD-DFT) calcu-
lations. The two aminopyridine Co-based catalysts, 17-Co™ and
1999FL.Co™ (Scheme 1), were herein investigated in a complete
photocatalytic system comprising the [Ir™(ppy).(bpy)]PFs
photosensitizer, triethylamine (TEA) as a sacrificial electron
donor and ascorbic acid (AA) as a proton source.

To gain insights into the electronic configuration, coordina-
tion and structure of these catalysts in solution, steady state X-
ray absorption near edge structure (XANES) and extended X-ray
absorption fine structure (EXAFS) measurements were first
performed (Fig. S1, SI). The XANES spectra of both Co" com-
plexes present identical symmetries, as well as local electronic
and coordination structures around the metal centre (Fig. 1A).
The spectra of 1"-Co™ and 19°°".Co" display a rising edge
located at 7720 eV, measured at approximately half height and
0.6 normalized fluorescence (Fig. 1A), consistent with a Co™
oxidation state."®

Furthermore, the EXAFS spectra of both Co complexes reveal
two prominent peaks (I, II) corresponding to the averaged
contributions of the two sets of Co-N bond distances
(Fig. 1B). The EXAFS fits are presented in Fig. 1B inset and
Fig. S2, Table S1. Analysis of the first coordination shell for
both 17-Co™ and 1°°°"-Co" resolves two sets of three Co-N
distances at 2.02 A and 2.18 A and at 1.99 A and 2.16 A,
respectively (Table S1, fits 2 and 4). The averaged Co-N bond
distances are within 0.01-0.10 A with optimized density func-
tional theory (DFT) coordinates (Table S2, Appendix, SI) and
match well with reported S = 3/2 Co" complexes.'*' These
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Fig. 1 (A) Normalized Co K-edge XANES of 1 mM 1"-Co" and 1“°°%-Co"
complexes in a solution mixture of 4:1 CHsCN:H,O. (B) Experimental
Fourier transforms of k®-weighted Co EXAFS of 1"-Co" and 1°C°F-Co"
solution complexes (1 mM). Inset: Back Fourier transforms experimental (solid
lines) and fitted (dashed lines) Rely(k)l, using k values from 2 to 13.173 A™%.
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results show that theoretical methods, including geometry
optimizations used for the Co complexes, closely reproduce
the experimental data, and therefore can be further applied to
reliably analyse the excited state structures.

Time-resolved XAS was subsequently applied to directly
monitor the kinetics and electronic configurations of the
photo-induced Co' species. The sample solutions consisting
of a mixture of CH;CN and H,O were continuously degassed
with nitrogen and kept hermetically sealed throughout the
experiment. The multimolecular photocatalytic systems were
optically pumped at 400 nm with a 10 kHz repetition-rate laser
and probed with X-ray pulses at several time delays from 100 ps
to ~25 pus (Fig. S2). Features in the time-resolved spectra are
obtained by subtracting the laser-on and laser-off (dark) spec-
tra, providing information about the dynamics of the photo-
induced processes, as well as the electronic and structural
nature of the transient states that are generated during the
catalytic cycle. The time resolved XANES spectra at an averaged
delay of 12.6 pus and 5.9 ps between the laser pump excitation
and X-ray probing for the 17-Co™- and 1°°°*-Co"-based photo-
catalytic systems are shown in Fig. 2A and 2B, respectively.

Upon light excitation, mixed metal-ligand-to-ligand charge
transfer (MLLCT) from the 5d orbital of the Ir'™™ photosensitizer
to the n* orbital of the ligand, followed by an intersystem
crossing (ISC) to a triplet excited state initially occurs.>>° In
the presence of excess TEA employed hereby as a sacrificial
electron donor, the predominant pathway lies in the reductive
quenching of Ir *MLLCT to generate [Ir'"(ppy).(bpy* )] (Ir ).
This process is subsequently followed by an electron transfer
from the reduced Ir~ to the catalyst, forming the elusive Co'
species. Interestingly, the transient signals for both photocata-
Iytic systems display two time-dependent pre-edge peaks at
7706 eV and 7710 eV (peaks I and II Fig. 2A and B) related to
the changes in the 1s — 3d transitions and dipole excitations of
the core electrons into the valence hybridized states of the
metal 3d and the ligand p orbitals.'®*! Moreover, a peak at
7715 eV (III) together with a dip at 7723-7724 eV (IV) relates to
the characteristic formation of the reduced Co' species (Fig. 2A
and B), as previously demonstrated,'®*** and the Co" ground
state bleaching, respectively. These energy transitions in turn
show that the K-edge of the Co centre shifts to lower energy,
confirming its reduction to form the Co' intermediate species
via an electron transfer from Ir ™. It is important to remark here
than both tr-XAS and OTA were further carried out on the Co-
based catalysts alone in the absence of the Ir photosensitizer
and no transient signals were observed indicating a lack of self-
excitation processes of the Co complexes.

TD-DFT simulations were subsequently performed and by
comparing them with the experimental tr-XANES spectra, we
were able to extract the electronic and geometric information
about the photo-generated Co' species (Fig. 2C, D and Table S2,
Appendix, SI). Two different structures of the Co" species were
theoretically explored, in which the central metal is bonded to
either one or no axial acetonitrile ligands, hence adopting
distinct geometries (Appendix, SI, Table S2). The TD-DFT
calculated XANES spectra for a Co' distorted tetrahedral

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Top: formation of a distorted tetrahedral Co' species for a multi-
molecular assembly composed of [17-Co"** and [1°©°E-Co'1>* Co-
based catalysts. Bottom: experimental difference spectra corresponding
to the Co' photo-reduced transient signal at 12.6 ps and 5.9 ps for a
multimolecular assembly consisting of 2 mM Co-based catalyst in
(A) [17-Co"?* and (B) [1°CCE-Co'1?* complexes with 4 mM [Ir'(ppy)a(bpy)l*,
0.2 M triethylamine and 10 mM ascorbic acid in a solution mixture of 4:1
CH3CN : H,O. Theoretical XANES simulations corresponding to the formation
of a [LCO'I' tetrahedral (black) and [LCo'CHsCNI* trigonal bipyramidal (red)
photoreduced Co' species together with the hydride species [LCo" HJ?*
(blue) and [LCo" HD)™ (magenta) with trigonal bipyramidal geometries gener-
ated from a distorted tetrahedral Co' photoreduced species for (C) [17-Co'|?*
and (D) [1COOEt_COH]2+.

complex display three peaks along the rising edge region whose
energy values and positions match best with the experimental
transient signal (Fig. 2C and D). This geometry is further
corroborated by TD-DFT optical calculations as elaborated
below, and also consistent with findings from electron para-
magnetic resonance and single crystal X-ray structures of similar
Co'® and Ni**** intermediates for proton reduction reactions.

The decays of the transient signals for both photocatalytic
systems were further analysed at successive time points ranging
from 0.9-24.3 ps (Fig. S3). The reduced intermediate states for
the two studied photocatalytic systems present different decay
lifetimes, as an effect of the catalyst’s peripheral substitution. In
particular, it was found that in the case of the 1™-Co™ complex,
the Co' state is longer-lived (Fig. S3A) compared to 1“°°*-Co",
whose signal disappears after 5.4 ps (Fig. S3B). The faster decay
rate of the 1°°°®-Co' intermediate species is consistent with its
faster protonation efficiency and catalytic rate as previously
observed, and can be attributed to the catalyst’s substitution
by the -COOEt electron withdrawing group.

This journal is © The Royal Society of Chemistry 2025
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Under our single laser pump excitation conditions, the Co'
intermediate can undergo protonation to form a Co™ hydride
species. This hydride intermediate can subsequently generate
hydrogen through either heterolytic or homolytic pathways: by
reaction with a proton to yield Co™, or by coupling with a
second hydride molecule to regenerate the starting Co"
catalyst."® As a reducing agent is absent in our catalytic condi-
tions, the latter pathway is considered the most likely scenario.
The faster decay of the Co' species in the photocatalytic system
with the 1°°°®.Co" complex vs. the 1"-Co" complex (Fig. S3A
and B) indicates that the elusive hydride species formation is
more favourable, due to the enhanced electron withdrawing
nature of the ligand.

TD-DFT XANES on the calculated Co™ and Co™ hydride
models were further carried out (Fig. 2C, D and Fig. S4). As
shown from the experimental transient signals at various times
(Fig. S3), the spectral features for the elusive hydride species were
not observed under our experimental conditions due to its high
reactivity. Taking into account the 80 ps pulse duration of the
X-rays, we speculate that the lifetime of the hydride most likely
lies within that time-frame. These results reveal that the rate-
limiting step of these processes is the formation of the inter-
mediate Co™ hydride, which rapidly combines with another
hydride molecule to generate hydrogen. It is worth noting that,
although Co™ hydride can also undergo one-electron reduction
to Co" hydride under continuous light irradiation, this pathway
is not viable under our single-pulse excitation conditions.

Following the tr-XAS measurements, OTA (Fig. 3 and Fig. S5)
was performed to investigate the photo-induced electron trans-
fer dynamics of the complete photocatalytic systems composed
of the Ir-based photosensitizer, Co-based catalysts, TEA and AA
(Scheme 1). The reaction was similarly carried out in a mixture
of acetonitrile and water to provide a source of protons and
mimic conditions where molecular hydrogen can be evolved.
Upon laser excitation of the complete photocatalytic system at
355 nm, a distinct broad absorption band spanning between
600 and 900 nm becomes evident between 5 and 20 ns for the
multimolecular assembly containing 1"Co (Fig. 3A) and
between 5 and 10 ns for the assembly with 1°°°*TCo
(Fig. 3B). This feature is in agreement with the optical signature
of the reduced [Ir"™(ppy),(bpy® )] with the delocalized electron
over the bpy ligand as previously shown®® (Fig. 3A and B). Single
value decomposition of the global fit analysis, applied to model
the OTA data, further resolves the individual optical spectra of
Ir, showing a feature at ~495 nm and a broad band from 600-
900 nm (Fig. 3C and D). By contrast, the Co' species, which
persists at longer microsecond time scales, displays 3 distinct
absorption features between 400 and 550 nm with maxima at
420 nm, 500 nm and 530 nm (Fig. 3C and D). To corroborate the
structural assignment of Co', TD-DFT optical calculations were
performed on two different geometries, i.e. distorted trigonal
bipyramidal and tetrahedral (Fig. S6). The calculated optical
spectra (Fig. S6) for a distorted tetrahedral geometry reproduce
the experimental bands at 420 nm, 500 nm, and 530 nm,
supporting this structure as determined through tr-XAS experi-
mental and theoretical analysis.
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Fig. 3 Optical transient absorption spectrum of a solution of 0.3 mM (A)
1"Co" and (B) 1°°°FTCo catalyst with 0.6 mM [Ir'(ppy).(bpy)l*, 0.3 M
triethylamine and 10 mM ascorbic acid in a 4:1 solution mixture of
CH3zCN : H,O after excitation at 25*° = 355 nm. Single value decomposition
via global fit analysis of the individual Ir~ (magenta) and Co' species (in
black) for (C) 17Co" and (in red) for (D) 1°°°FCo. Global fit kinetic analysis
for multimolecular assemblies composed of (E) 1"Co and (F) 1°°°®'Co
complexes. T is the resulting decay lifetime of the Ir~ species corres-
ponding to the formation of Co!, while T, is the decay lifetime of the
photoreduced Co' species.

Global fit analysis also enabled extraction of the decay life-
time of the Ir~ associated with the formation of Co', as well as
the subsequent decay of the photoreduced Co' species (Fig. 3E
and F). Kinetic modelling reveals that the decay of Ir~ linked to
Co' formation occurs within 20.1 + 1.30 ns (Fig. 3E) and 11.4 +
1.10 ns (Fig. 3F) for the 1™-Co™ and 1°°°"-Co" photocatalytic
systems, respectively. These decay lifetimes are consistent within
error bars with individual fits conducted in the near IR region
(Fig. S7) where the optical signature of Ir~ is clearly observed.
Furthermore, the decay of Co' in 19°°®-Co™ occurs at a faster
rate of 61.1 + 5.10 ps (Fig. 3F) compared to 119 + 10.0 ps
(Fig. 3E) observed with 1”-Co". These findings are consistent
with tr-XAS measurements (Fig. 2 and Fig. S3), which support a
faster protonation of the photoreduced species in the 19°°E-Co"
multimolecular system.

Although the Co' decay could be detected through OTA
measurements in both photocatalytic systems, no features were
observed for the Co hydride intermediate in the UV-Vis and
near infra-red regions, due to its fast reactivity as elaborated
above. It is further worth remarking that longer decay lifetimes
were obtained in the OTA experiment compared to tr-XAS due
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to the higher concentration of the Co" catalysts and Ir-based
photosensitizer needed for the X-ray experiment. Larger
amounts of the photocatalytic systems are required in order
to obtain a sufficient transient signal, which simultaneously
increases the rate of competitive diffusion-governed processes.

In summary, we report the application of tr-XAS and OTA,
coupled with TD-DFT calculations, to monitor the electronic
and structural dynamics of the elusive Co' species in two sets of
Ir/Co™ hydrogen evolution systems. Upon photoexcitation of
the Ir photosensitizer in the presence of TEA, the Co™ catalyst
loses two acetonitrile ligands, and is reduced to a distorted
tetrahedral Co' species via electron transfer from Ir . Tr-XAS
and OTA measurements revealed longer decay time kinetics for
the photoreduced Co' species in the multimolecular system
with the 1°°°F%-Co™ complex, illustrating its faster protonation
to form the elusive hydride species. Our time-resolved electro-
nic and kinetic results allow us to conclusively determine that
the protonation and rate efficiency of the system increase with the
electron-withdrawing nature of the catalyst’s ligand. The rate
limiting step in both multimolecular systems was found to involve
the protonation of the Co' intermediate. These findings are crucial
towards increasing our understanding on charge separation
dynamics, as well as the rationalization and design of sustainable
artificial molecular photosensitizer/catalytic assemblies.
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