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Abstract
One of the ultimate goals of photocatalysis is the direct utilzation of solar energy into
the production of useful chemical products. In particular the direct photocatalytic water
splitting to produce molecular hydrogen as a versatile, sustainable and ecologically
friendly fuel is of great interest. This goal has motivated numerous research efforts to
develop and improve corresponding photochemical molecular devices. However, it is
fair to say that most of these efforts concentrated on the identification of the light-

driven electron transfer processes within these devices, whereas the mechanistic details



of the hydrogen evolution reaction remained largely unexplored. Here we present a first-
principles based theoretical study of a photochemical molecular device that combines
the determination of the light-driven electron transfer processes with the elucidation of

the mechanistic details of the photo-induced hydrogen evolution reaction.
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Introduction

Green H, is considered an important energy carrier for the necessary future industrial trans-
formation.™* However, the efficient and sustainable production of molecular hydrogen still
represents a severe challenge. Photochemical molecular devices for the photocatalytic hydro-
gen evolution, which integrate photoredox active photosensitizer and catalyst units linked
by a bridging ligand® 1% represent a promising alternative to the traditional combination
of separate photovoltaic devices and electrocatalysts for the hydrogen evolution reaction
(HER).

Among these photochemical molecular devices, [(tbbpy)sRu(tpphz)Ptls|?* (tbbpy = 4,4’-
di-tert-butyl-2,2’-bipyridine, tpphz = tetrapyrido [3,2-a:2’,3’-¢:3"""-h:2""" 3"""-j| phenazine) or
simply RuPtI, has shown a great promise for photocatalytic hydrogen evolution. %16:17 RuPtI,
consists of a Ru polypyridyl unit which acts as photosensitizer and a Ptl, catalyst. Both
units are connected by a tpphz bridge. 1617 Previous measurements showed remarkable HER
activity for this complex. A turnover number (TON) exceeding 450 was observed in mix-
tures of acetonitrile (MeCN), water, and triethylamine (NEt;) in a volumetric composition
of 6:1:3.17 To the best of our knowledge, this result represents one of the highest photo-
catalytic hydrogen gas production yield among photochemical molecular devices utilizing

a platinum-based catalysts. In addition, RuPtl; shows not only high photocatalytic per-



formance, but also exhibits good stability as a catalyst under operational conditions.1216:17
Beyond its high stability, RuPtI2 can be repaired by different pathways, which reinvigorate
its photocatalytic capacity.1!® This very rare capability renders a detailed understanding
of its actual photocatalytic mechanism very important.

Although the electron transfer mechanism during the photocatalytic process of RuPtl; is
well-studied, 16:17:19-21 the understanding of the hydrogen production mechanism still remains
incomplete. To the best of our knowledge, only few studies have explored the mechanistic
aspects of hydrogen production in Pt-based molecular catalysts.?223 They suggest that for
[(bpy)PtX,]| catalysts (bpy = 2,2’-bipyridine) HER likely proceeds via a dimeric Pt---Pt-H
intermediate. However, their theoretical investigation is limited to catalytic complexes thus
not considering the full photochemical molecular device with the catalyst and the photo-
sensitizer being included within one large photocatalytic molecule. Furthermore, only the
thermochemistry but no complete reaction paths have been determined.

As photo- and electrochemistry likely share many mechanistic similarities, it is worthwhile
considering aspects of the electrocatalytic HER. Here, the first step typically consists of the

Volmer step??

Volmer : * + H" + e~ —> H»

, (1)

which corresponds to the reductive adsorption of a proton from the electrolyte on the active
site of the catalyst denoted by *. To complete the HER, there are two possible mecha-
nisms, either the Volmer-Tafel mechanism involving a chemical recombination reaction or

the Volmer-Heyrovsky mechanism involving a second charge-transfer step:?24-32

Tafel : 2H* — 2 x + H, (2a)

Heyrovsky : H*+ H" + ¢~ — %+ Hy (2b)

As these reaction schemes show, the HER is a coupled two-electron two-proton process.



Although there are experimental techniques to determine the kinetic parameter of the HER, 33
it is hardly possible to identify the exact reaction sites, the microscopic reaction mechanism
and possible reaction intermediates. Spectroscopic investigations are often limited to the
initial one-electron transfer steps, measurements under operando conditions are difficult to
implement and critical intermediates lack suitable spectroscopic signatures. Consequently,
other strategies to identify the HER mechanism are asked for. This task is herein tackled
by the quantum chemical description of an overall mechanism for the light-driven HER of
the RuPtl, photochemical molecular device utilizing a detailed determination of electron
excitation and transfer mechanisms, reaction energetics and activation barriers.

In detail, we have employed density functional theory (DFT) to investigate the poten-
tial intermediates involved in the reaction. In adddition, time-dependent density functional
theory (TD-DFT) has been utilized to comprehensively analyze the excitation properties
of the intermediates during the photocatalytic process. By following this approach, we not
only gain unprecedented insights into the mechanism of the hydrogen evolution from RuPtl,,
but also elucidate how this photocatalyst molecule protects itself from degradation. Under-
standing this mechanism is invaluable for future advancements in developing photochemical

molecular devices to achieve optimal hydrogen production.

Computational Details

In this work, we investigate the potential intermediates involved in the photocatalytic HER
of RuPtl; using DFT calculations. We started our investigation by scanning the possible
configuration of RuPtly photocatalyst under reaction conditions. Our calculation also in-
cludes the careful analysis of different charge and spin states. All DFT calculations were
performed using the Gaussian 16 Rev C.01 code.3* The B3LYP functional 336 together with
Grimme DFT-D3 dispersion corrections and Becke-Johnson damping3” in combination with

a def2-SVP basis set383? has been employed for the geometry optimization. Afterwards,



single point calculations at the relaxed geometries using the same functional but a larger
def2-TZVP basis set3®39 have been performed to obtain converged energies on the single-
particle level.

The theoretical modeling of electrocatalytic processes requires an appropriate consid-
eration of the interface between the catalyst and the electrolyte.® As the solvent we have
considered acetonitrile which has also been used in corresponding experiments. 71® To model
the solvent, we employed here the solvation model based on density (SMD).4! We neglected
the influence of water and NEt3 on the solvent properties, such as the dielectric constant,
as it has been shown that this mixture does not affect the optical properties of RuPtl,.7 In
addition, TD-DFT 4243 has been utilized to comprehensively analyze the excitation proper-
ties of the intermediates during the photocatalytic process. For the TD-DFT calculations,
we employed the same setup as used in the geometry optimization.

To assess the probability of proton binding to the photochemical molecular device, we
derived values of the acid dissociation constant pK, from the calculated proton solvation
energies using the isodesmic method.44 5% Based on our calculations, the proton solvation
energy value in acetonitrile is -11.20 eV which compares well with previously measured and
calculated values.?:52 For details of the method for calculating the proton solvation energy
and pK, we refer to the Supplementary Information (SI) and the literature.*553 Finally, the
reduction energy of the RuPtl, is determined from DFT calculations using the NEt;/NEt, "

redox couple as reference.

Results and Discussion

As illustrated in the Volmer-Tafel (Egs. 1 and 2a) and the Volmer-Heyrovsky (Egs. 1 and
2b) mechanisms, the electrocatalytic HER requires the transfer of to two electrons to the two
protons. These electrons have to be provided by the electrocatalyst. Without irradation,

the RuPtly complex is inactive with respect to the HER. Thus the catalytic activity of



the RuPtl; complex has to be initiated by the photoinduced electron transfer from the
photoactive Ru center of the complex to its Ptl, catalyst. Thus our quest for the elucidation
of the microscopic steps in the photo-induced HER of the RuPtl, complex was performed as
a search for possible electron- and proton-transfer steps guided by experimental spectroscopic
information where available. 16:17,19-21

With respect to the chemical environment the RuPtl; complex is dissolved in, challenges
do not only arise from the unknown solvent properties of the acetonitrile, water, and NEt;
mixture but are also caused by the unknown pH value of electrolyte under catalytic condi-
tions. Therefore, we first discuss the calculated pK, values of the three protonated species
H,0", NEt;H", and MeCNH" in acetonitrile. Our DFT calculations reveal that H;O" and
MeCNH™ have low pK, values of -7.2 and -2.2, respectively. Water can also be excluded as
a proton donor since earlier studies indicate that its pK, in acetonitrile rises, owing to the
poor stabilization of OH ™, to 40.4%46 As a result, water and acetonitrile are predominately
not protonated under reaction conditions. In contrast, NEt;H" displays a pK, of 17.6 which
is satisfactorily close to the experimental value of 18.8.%4 Consequently, for the HER on
RuPtl; to occur, the pK, value of the metal hydride at RuPtl, must be higher than 17.6,
otherwise the protons would hardly bind to the photocatalyst. Based on this requirement,
we constructed all reasonable reaction pathways for the light-driven HER at RuPtl,.

The complete proposed catalytic cycle of the light-driven HER on RuPtl; is depicted in
Scheme 1. In its electronic ground state, RuPtl, is inactive towards the HER as it has a
highly acidic pK, of -4.7 at the Ptls-catalyst. The nitrogen atoms on the bridging ligand
represent additional possible protonation sites. However, they also have low pK, values of 3.2
and -4.4 for the first and second protonation on the bridge, respectively, so that no protons
are bound to RuPtl; in its electronic ground state.

The HER is initiated by the reductive activation of RuPtly through the initial electronic
excitation to state 1* requiring an energy of ca. 2.85 eV (A = 435 nm, S17, see Scheme 2).

This excitation corresponds to a singlet metal-to-ligand charge transfer (*MLCT) involving
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Scheme 1: Overall reaction mechanism of light-driven hydrogen evolution reaction with
RuPtl;. Numeric labeling of intermediates along with their spin states (S = singlet, D =
doublet, T = triplet, Q = quartet, Qu = quintet) is given in black below each species.
pK, values of the N and Pt sites of the respective intermediates are given in orange color
whereas the pK, values of the deprotonation of already occupied hydrogen sites are printed
in blue. The total number of electrons and protons stored at RuPtl; is given in blue boxes.
Abbreviations: photosensitizer (PS), catalyst unit (CAT). Top left: Molecular structure of
RuPtl,; and general design concept for intramolecularly operating photocatalysts.
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Scheme 2: Reaction energetics along the catalytic cycle shown in Scheme 1. The reaction
energies are shown in red color, the activation energies of selected steps are printed in blue,
all energies are given in eV. Here, NEt;H" is considered as the proton source. In addition,
the structure of the three major transition states is illustrated with the bipyridine ligands
being removed for the sake of clarity.

electron transfer from the ruthenium metal center to the ligands (see Figure 1a). Afterwards,
the excitation process is followed by an intersystem crossing (ISC) and vibrational relaxation
to form intermediate 2. This intermediate differs only in the spin state and electron distribu-
tion from the intermediate 1. It corresponds to a SMLCT state with excess electron density
at the tpphz ligand. In the MLCT, approximately 0.7e are shifted from the photosensitizer
(ruthenium and bipyridine ligand) to the tpphz bridge (see Mulliken charge and spin state
in Figure S1 and S2). As the next step, the sacrificial electron donor triethylamine (NEts)

donates an electron to intermediate 2, as experimentally well-known,? %% with AG = -0.22



eV and thus reduces the photocatalytic molecule to produce the intermediate 3, as shown
in Rxn II, where the excess of the electron is accumulated at the bridge (see Figure S1 and
S2). The probability of Pt-H bond formation in intermediate 2 and 3 is very low due to
their pK, values being approximately 9 and 6 units lower than that of NEt;H ", respectively.
Therefore, both intermediates cannot be considered as active species in the photocatalytic
process.

However, one of the nitrogen atoms in the bridging ligand of intermediate 3 possesses
a pK, of 17.9 which is larger than the pK, of NEt;H". Consequently, the proton transfer
from NEt,H' to form the intermediate 4 is slightly exothermic, only hindered by a moderate
energy barrier of 0.49 eV. This process is slightly more favorable than the bridge protonation
of intermediate 2 with an activation barrier of 0.56 V. According to our calculation, upon
activation the structure of NEt;H' becomes modified to avoid the steric interaction with
RuPtl, resulting in a TS3-4 transition state geometry with a N-H bond length of 1.02A
and a bond angle of 149.3° relative to the plane of the bridging ligand (see Scheme 2).
This particular mechanism proceeding through intermediate 4 is in good agreement with
the experimental findings,1"1%2! thus confirming that the single protonation of the bridging
ligand is an intermediate step in the photocatalytic process.

According to our determination of the pK, values, intermediate 4 remains inactive for
any HER step, since this intermediate has a highly acidic pK, value of -3.3 for the proto-
nated Pt center. Furthermore, the second protonation of the bridging ligand of intermediate
4 is associated with a pK, of 9.4 which is still lower than the pK, of NEt;H". According to
experiments,816-18.21,60 4 gjonificant decline in the catalytic activity is observed once spec-
troscopy results indicate a two-fold protonation of the bridging ligand.'” Obviously, the fully
protonated bridging ligands correspond to the deactivated state. According to our calcula-
tions, the deactivation of the photocatalyst should not occur after reaction step Rxn III. In
order to understand this, we highlight the role of the sacrificial electron donor (NEt;) used

in this reaction. Beyond its function as an electron supplier, the basic pK, value 17.6 of
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Figure 1: Absorption spectra of the intermediates 1 (panel a), 4 (b), and 6 (c). In addition,
the most important excited states together with their excitation induced charge density
difference are shown. The excitation direction corresponds to the transition from red to
green.

NEt,H" also serves as a proton regulator. If an electron donor with a lower pK, value of,
say, 9.0 is chosen, the RuPtl; in its intermediate state 4 would become deactivated by the
second protonation of the bridging ligand.

Furthermore, we found from the TD-DFT calculations that the oscillator strength of the
ligand to metal charge transfer (LMCT) from the bridging ligand to the d,2_,2 orbital of the
Pt-catalyst in the intermediate configurations 3 and 4 is zero (see Table S3 and S4). As a
result, the LMCT process may not occur at all or will proceed very slowly. This has been
demonstrated by performing photoelectrochemistry measurements by Miiller and coworkers
on the reduced form of RuPtl,.2! Based on this work, the excitation process of the reduced
RuPtl, ends with charge accumulation on the bipyridine moiety bound to the catalyst,?!
instead of on the Pt-catalyst itself. Therefore, it can be concluded that the LMCT process
in the intermediates 3 and 4 plays almost no role in a potential protonation event at the Pt
atom.

As intermediate 4 is not an active species, the photocatalytic process has to be continued
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by a second excitation process. According to Figure 1b, the maximum transition probability
of intermediate 4 occurs at a wavelength that corresponds to a 2MLCT excitation from the
ruthenium metal center to the ligands. Thus the intersystem crossing (ISC) and vibrational
cooling (VC) from the doublet into the quadruplet state becomes allowed, 1763 forming inter-
mediate 5. This transition is associated with a significant increase of the pK, for the second
protonation step to roughly 14 both at the second pyrazine nitrogen atom and at the Pt cen-
ter. However, the doubly protonated complex still only exists in very small concentrations
since the pK, values are still smaller by three units than that of pK,(NEt;H").

The subsequent electron transfer from the NEt; reducing agent is slightly exergonic by
-0.33 eV (Scheme 2). This results in the formation of a doubly reduced triplet state, inter-
mediate 6. According to the Mulliken charge analysis, the excess electron from the donor
becomes located at the bridge site with a small spillover onto the catalyst. The pK, of this
doubly reduced intermediate increases slightly to 15.5 with a preference for protonation at
the Pt site. This is already reasonably close to the pK, of 17.6 of the proton donor and,
thus, may allow for the presence of a minor concentration of the doubly protonated complex
with one proton at the bridging ligand and one at the catalyst. The reaction energy for this
proton transfer is slightly endergonic by 0.15 eV and associated with a moderate activation
barrier of 0.66 eV (see Scheme S4). Therefore, the protonation of intermediate 6 can proceed
at a slow rate. However, this Pt-H hydride is not yet active for hydrogen evolution since
the H-H bond formation is still strongly endergonic by 1.48 eV (see Scheme S4). Thus, at
least a third reduction is needed to facilitate hydrogen evolution. Similar observations have
also been reported for the HER with [(bpy)Rh(Cp*)X]?*-based catalysts under non-acidic
conditions. 64768

Interestingly, the higher intensity of the 2MLCT transitions of intermediate 4 is crucial
for the photocatalytic step. Assuming that the intra-ligand charge transfer (2ILCT) and
ligand to ligand charge transfer (2LLCT) transitions have higher oscillator strengths than the

2MLCT state, the intersystem crossing (ISC) process will be much slower and the reduction
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process would favor a doubly reduced singlet state, intermediate 13 (see Scheme S2 for
details). The formation of a singlet spin state (intermediate 13) renders the second nitrogen
atom a stronger base compared to the preferred triplet state, i.e. the pK, increases from
14.5 in intermediate 6 to 24.2 in intermediate 13. Accordingly, the bridging ligand would
be doubly protonated under reaction conditions according to scheme 3. Thus, avoiding the
low spin route by switching off 2ILCT and 2LLCT transitions!'”6% in Rxn IV is crucial for
avoiding catalyst deactivation. It is noteworthy, that under electrochemical conditions which
can only proceed through the more stable low spin states, this catalyst would therefore be
subject to rapid deactivation.

The third reduction is initialized by a photoexcitation at 443 nm. After an intersystem
crossing and vibrational cooling from the triplet to the quintet state, intermediate 7 is
obtained. The excitation corresponds to a charge transfer from the Ru and partly the Pt
center to the surrounding ligands (T45 and T50 in Figure 1c¢). The Mulliken charge analysis
indicates an electron transfer of around 0.6e from the photosensitizer towards the bridging
ligand. The triplet to quintet excitation results in a slight increase of the pK, at the Pt site
from 15.5 to 16.6, while at the same it decreases the pK, of the second pyrazine nitrogen
by a similar amount to 13.0. Thus, double protonation of the bridge is thermodynamically
significantly less favorable. In addition, the higher basicity of the Pt-catalyst increases the
concentration of the protonated Pt-H hydride species, which is important for the subsequent

H, formation. The reaction energy for proton transfer is 0.07 eV with a moderate activation

12
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Scheme 4: Hypothetical scheme for the double protonation of the catalyst.

barrier of 0.54 eV. According to our calculations, the Pt atom is elevated towards the N-H
bond of NEt;H" to avoid steric interaction in the transition state (Scheme 2). Moreover,
the protonation changes the coordination sphere around the Pt center from square planar to
tetragonal bipyramidal with an iodide ligand in the axial position and the hydrogen atom
in the planar position. The protonation is followed by a reduction of the complex through
oxidation of NEt; with a change in Gibbs free energy of -0.03 eV to form intermediate 9.

Intermediate 9 corresponds to the final state before the formation of molecular hydrogen
occurs. As mentioned above, there are two possible pathways in the hydrogen formation
process: the Volmer-Tafel and Volmer-Heyrovsky paths.?432 The necessary first steps of
both mechanisms, the Volmer reaction, has already occurred at Rxn VII. In the Tafel mech-
anism, a second proton binds to the catalyst followed by the recombinative desorption of
the two hydrogen atoms. According to rules of organometallic complex formation,%? only
the axial position can act as the available site for the second proton to form an octahedral
conformation. However, the pK, of the second proton at Pt is 8.4 (see intermediate 9 in
Scheme 1) and thus, far too low to allow for the proton transfer from NEt;H", which has a
pK, of 17.6 or Gibbs free energy of reaction of 0.66 eV according to scheme 4. Note that this
is in analogy with the findings for the HER on platinum surfaces in heterogeneous catalysis
where no PtH, complexes are found on Pt surfaces.™

The significant decrease of the pK, compared to the first Pt-H bond is in good agreement

with general trends for multiprotonic acids® and a result of the decrease in electron density
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Figure 2: The Mulliken charge of intermediates in two reactions: catalyst activation (top)
and loss of iodide ligand reaction (bottom).

at the bridging ligand and the Pt after the first protonation by 0.46e and 0.15e, respectively
(see Rxn VII in Figure 2). Nevertheless, hydrogen evolution from such a doubly protonated
species would be feasible as it requires only to overcome a moderate barrier of 0.50 eV.
Overall, a direct Tafel like mechanism can be excluded for RuPtl,, owing to the very low
concentration of the doubly protonated species at the Pt center even though it is kinetically
feasible.

This leaves only a Heyrovsky mechanism as the possible path to H, formation. Indeed,
the direct attack of a proton at the Pt—H site is with 0.08 eV almost thermoneutral (see
Rxn IX in Scheme 2). Additionally, the activation barrier of Rxn IX is 0.68 ¢V. The moderate
barrier is associated with the planar position of the Pt—H hydride and the attack of NEt,H "
from the axial direction. This configuration allows for the stabilization of the H-H species
through an interaction between the d-orbitals of Pt-atom and the o bond of the H-H species.
However, the steric interactions between the ethyl groups of NEt,H " and the phenanthroline
group of RuPtl, slow down the proton transfer. According to a Mulliken charge analysis, the
proton transfer process and the formation of the H, molecules in Rxn IX require an electron

transfer of 0.8e and 0.2e from the bridging ligand and the Pt-catalyst of intermediate 9,
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respectively. Overall, this indicates that the role of the bridging ligand is not only to connect
the photosensitizer and catalyst but also to act as an electron storage before being used in
the H, formation .™

Although molecular hydrogen is produced from intermediate 9, deactivation can also
occur at this intermediate. We find the second protonation step at the bridge to be associated
with a pK, of 15.0. This is reasonably close to the pK, of the proton donor, NEt;H", to
allow for some double protonation of the bridge. Consequently, proton transfer is feasible
here with a reaction slightly endergonic by 0.18 eV, but hindered by a rather high activation
barrier of 0.82 eV. After formation of the protonated bridge species, hydrogen evolution is
hindered by a very high activation barrier of 1.13 eV and is therefore effectively inhibited (see
Scheme S10 for details). Although the reaction is slow, the deactivation process in RuPtl,
cannot be avoided and may at least partly explain the experimentally observed catalyst
deactivation after 48 hours of operation.816-18,60

Returning to the photocatalytic cycle shown in Scheme 1, we note that once the H-H
bond is formed, H, is immediately released from the catalyst under formation of a trigonal
pyramidal coordination sphere around Pt yielding intermediate 10. According to a spin
analysis (see Figure S2), the total spin on the bridging ligand and PtI, of intermediate 10
is 1.27 and 1.73, respectively. In other words, there is roughly one unpaired electron on
the bridging ligand and two unpaired electrons on the Ptl, catalyst due to the non-square
planar configuration. Furthermore, the I-Pt-I configuration in RuPtl, is similar to the
CO-Pt-Cl configuration in the triplet metal-centered (3MC) state of Pt(ppy)(CO)(Cl) that
were calculated by Escudero and coworkers. "7 Thus, intermediate 10 can be considered as a
quartet metal centered (*MC) state of RuPtl,.™™ Afterward, the photocatalytic cycle ends
with the restoration of its square planar coordination geometry (see Rxn X in Scheme 2). This
restoration is followed by spin crossover from quartet to doublet, -7 forming intermediate 4.

Besides the mechanism of the light-driven hydrogen evolution reaction (HER) of RuPtl,,

also the prevention of degradation is of high relevance and can be unraveled in our mechanistic
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Scheme 5: Release of an I ligand from the catalyst upon protonation of the Pt site of
intermediate 16.

first-principles study. According to our calculations, the ability to access higher spin states
through intersystem crossing avoids catalyst degradation, as shown for the conversion of
intermediate 4 into 6. Assume a situation in which, starting from intermediate 6, the SILCT
and 3LLCT transitions would have the highest harmonic oscillator strengths. Similar to
the previous case this would again slow down the intersystem crossing and thus inhibit the
transition into a quintet state. Accordingly, the more stable triply reduced doublet state,
intermediate 16, is formed. The Pt site of this species is strongly basic with a pK, of 33.1.
While this is to some degree even beneficial we also find that protonation of the Pt site
in a doublet state immediately results in the release of an I ligand (intermediate 17 in
scheme 5).

The degradation process in Rxn XVI can be explained by the changes in Mulliken charges
in Figure 2. The release of the iodide ligand is initiated by the formation of intermediate 16
through an electron transfer. Here, excess electron density from the donor accumulates on the
photosensitizer, specifically on the bipyridine ligand. One additional electron becomes stored
at the Rubpy, unit in the doublet state compared to the quartet state. Upon Pt—H bond
formation, 1.8e electrons are transferred from the bipyridine and bridging ligand to the active
site. Of these electrons 0.7e are specifically utilized for proton reduction while the remaining
electrons are allocated for the release of the iodide ligand as I". This result confirms findings

from previous studies that the decomposition process in PtX, catalysts (where X = Cl and I)

16



occurs when the catalyst acquires two electrons. 7" On the other hand, catalyst degradation
is not observed when only one electron is transferred to the catalyst. Note that the low spin
decomposition path can again not be avoided under electrochemical conditions since it does
not allow the excitation to the stable quartet state. Similarly, this path is also the preferred
route if the bridging ligand would remain unprotonated. Hence, single protonation of the
bridging ligand is critical for maintaining catalyst stability by deactivating the ILCT and
LLCT transitions and allowing the ISC process to access the higher spin state which prevents
degradation.

Another alternative to avoid degradation is utilizing the optical properties of intermedi-
ate 16 (see Scheme S8 for details). According to our TD-DFT calculations, the wavelength
of maximum absorption of this intermediate at a value of 449 nm is characterized by a
2MLCT (see Table S8 in the SI). Therefore, intersystem crossing from doublet to quadru-
plet is allowed to form intermediate 8. Based on previous work,16:17.61.79-82 the intersystem
crossing in ruthenium complexes occurs rapidly with a timescale below 1 ps. Meanwhile,
protonation at the Pt center occurs at a timescale above 1 ps,83® depending on the reaction
environment and proton concentration. Thus, the ISC process is much faster than protona-
tion, and catalyst degradation on the triply reduced doublet state can be evaded through
this excitation and the transition into the more stable quartet state. Indeed, the stability of
the catalyst itself becomes a serious issue in Ru-Pt based catalysts with different bridging

ligands, especially for ligands that cannot be protonated. 2:13:86-90

Conclusions

In conclusion, based on state-of-the-art first-principles calculations we have presented a com-
plete catalytic cycle of the photocatalytic hydrogen evolution reaction on a photochemical
molecular device. To the best of our knowledge, such a complete catalytic cycle has not

been reported before. The proposed reaction mechanism is fully consistent with all the ex-
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perimental information where available. Our study clearly reveals the important role of the
bridging ligand between photosensitizer and the catalyst in the hydrogen evolution reaction.
It furthermore explains for the first time the previously not visible induction process for
activating the photochemical molecular device. It highlights the correlation between light
driven electron transfer from the photocenter to the bridging ligand and subsequent pro-
tonation of the bridging ligand. Only this step enables the formation of hydrogen at the
later stages of the catalytic cycle. It furthermore shifts the perspective on this light driven
catalytic process, as a doublet, or even higher multiplicity, ground state has to be taken into
consideration for the investigation of these mechanisms.

The reaction proceeds through a threefold reduction followed by a Volmer-Heyrovsky type
hydrogen evolution mechanism. The hydrogen molecule is eventually formed from a proton
in solution and a hydrogen atom bound to the Pt-based catalyst together with an electron
transfer both from the bridging ligand and the catalyst of the photomolecular device. This
means that the bridging ligand also acts as an electron storage thus being directly involved
in the hydrogen evolution reaction. Besides, it turns out that the single protonation of the
bridging ligand is critical for maintaining catalyst stability. The atomic-level understanding
of the crucial processes and steps in the photocatalytic hydrogen evolution reaction obtained
in this quantum chemical study should be instrumental in further improving the activity of

photomolecular devices.
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