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ABSTRACT: The direct conversion of solar energy to produce useful
chemical products such as molecular hydrogen is one of the ultimate
goals of photocatalysis. Photochemical molecular devices enable such
a process cost-efficiently while offering additional benefits like repair-
ability. We present here a full mechanism for the complete
photo-induced catalytic hydrogen evolution reaction by combining a
Ru-containing photocenter and a Pt-based catalytically active center
in one molecular device. State-of-the-art quantum-chemical calculations
shed light on the interplay between light-driven electron transfer pro-
cesses and activation of protons as substrates. They reveal an induction
process and the crucial role of the formation of unpaired electronic
states corresponding to a doublet and subsequent higher spin multiplic-
ities. Furthermore, the study indicates that sacrificial donors not only

il

pK,(Pt) > pK,(donor)?

provide electrons but also act as a proton regulator in combination with the bridging ligand acting as a base. Based on the mechanistic
understanding derived from the detailed atomistic calculations, our study provides design principles for operative photochemical
molecular devices. Thus, our results that are validated through the comparison with experimental spectroscopic data are expected
to alter the perspective on elementary concepts of artificial photosynthesis.

KEYWORDS: photocatalyst, hydrogen evolution reaction, density functional theory, homogeneous catalysis, catalytic cycle,

photochemical molecular device

H INTRODUCTION

In this work, we present a quantum chemical study of the
photo-induced hydrogen evolution reaction on a photochemical
molecular device (PMD) that combines a Ru-containing photo-
center and a Pt-based catalytic center. Green H, is regarded as
an important energy carrier for the necessary transformation
toward more sustainable energy technologies.l_4 However, the
efficient and sustainable production of molecular hydrogen still
represents a severe challenge. Ideally, the energy of sunlight is
directly used to catalyze the hydrogen evolution reaction
(HER). Traditionally, this is achieved by using separate photo-
voltaic devices and HER electrocatalysts. On the other hand,
there is a growing interest in artificial photosynthesis,” which
is inspired by the impressive molecular machinery of natural
photosynthesis, such as photosystem L° as illustrated in the
upper panel of Figure 1. Photosystem I corresponds to a large
protein complex that mediates light-induced electron transfer
to ferredoxin, which then acts as a reducing agent for various
processes, including NADPH formation. However, Figure 1
indicates that natural photosynthesis is based on a sequence
of complicated reactions. Furthermore, it is optimized by
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evolution to sustain the living cell and therefore operates with
low efficiency in terms of harvestable chemical energy.
Inspired by the growing understanding of biological photo-
synthesis, artificial photosynthesis based on photochemical
molecular devices integrating a photoredox active photosensi-
tizer and catalyst units linked by a bridging ligand® represents
a promising alternative for the production of green hydrogen.
This has motivated intensive research efforts aiming at a better
understanding and the improvement of photocatalytic pro-
cesses.'>** There has been a rapid development of a plethora
of PMDs illustrated in Figure 1. PMDs have been developed
that can surpass thermal molecular catalysis (Figure 1a’) and
have then been further tailored by suitable ligand substitution
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Figure 1. Comparison of photosystem I° (upper panel) with examples of different photochemical molecular devices consisting of a photoredox
active photosensitizer (PS) and a catalyst (CAT) unit linked by a bridging ligand (overall charges are omitted for clarity): (a) a photochemical molec-
ular device (PMD) surpassing thermal molecular catalysis,” (b) PMDs with designed catalytic activity by ligand substitution,® (c) PMD with active
repair capacity,” (d) heptametallic PMD with light-harvesting chromophore architecture,'® and (e) material-integrated PMD."" Chemical structural
formulas have been created based on the information given in the respective references.

(Figure 1b%). The photocatalytic hydrogen formation of a
damaged PMD can be restored by applying active repair mech-
anisms (Figure 1c”). PMDs with several light-harvesting chro-
mophores improving their performance have been successfully
designed (Figure 1d'°). It has already been accomplished to
integrate hydrogen-evolving PMDs into materials. However,
the incorporation of several light-harvesting and catalytic active
centers that provide multiple energy transfer and electron col-
lection pathways (Figure le'') has so far hampered a detailed
mechanistic understanding.

However, it is clear that an accelerated rational development
and optimization of catalysts requires a thorough understanding
of the mechanistic details of the particular reaction to be cata-
lyzed. It is fair to say that a detailed mechanistic understanding
of a complete molecular photocatalytic reaction cycle is con-
spicuously absent from the literature. This is, to a certain extent,
rather surprising considering that, first, many experimental stud-
ies have already addressed the relatively simple electrocatalytic
HER reaction involving just two protons and two electrons,
which even led to the coinage of Tafel, Heyrovsky, and
Volmer step terminology in electrocatalysis.”*** Additionally,
the photoelectrocatalytic HER is also relatively well under-
stood.”**® Nonetheless, the mechanistic details of the photo-
catalytic HER remain elusive to a large extent. Furthermore, it is
also important to realize that the photocatalytic HER involves
additional complexity compared to the electrocatalytic HER
arising from excited-state processes, including photoexcitation,
charge separation, and excited-state dynamics, which are absent
in conventional electrocatalytic pathways. Spectroscopic investi-
gations are often limited to the initial one-electron transfer
steps, and measurements under operando conditions are diffi-
cult to implement. In addition, the identification of critical inter-
mediates is typically hindered by the fact that they lack suitable
spectroscopic signatures, in particular if photochemically inac-
tive co-substrates like the electron donors are involved.

The whole field of artificial photosynthesis for catalytic for-
mation of multielectron products such as hydrogen molecules
obviously requires a more thorough understanding of the cata-
Iytic process. Above, we described the accelerated development
of understanding of the catalytic steps in biological photosyn-
thesis enabled by a detailed analysis using theoretical methods.
Similarly, the current situation in artificial photosynthesis
research calls for theoretical support by quantum-chemical cal-
culations.”” However, to the best of our knowledge, up to
now, only a few studies have, in fact, explored the mechanistic
aspects of the photo-induced hydrogen evolution, mainly in
Pt-based molecular catalysts,**° but also for Ru complexes.*!
These previous theoretical investigations typically did not con-
sider the full photochemical molecular device but were rather
limited to just the catalytic unit.

Here, we present a complete catalytic cycle of the photo-
induced HER on a photochemical molecular device by combin-
ing the mechanistic details of all reaction steps with the
corresponding electronic transitions. This cycle has been

derived using a quantum-chemical approach closely coupled
with experiments, thus validating the calculations. Our DFT cal-
culations confirm the existence of an experimentally clearly
identified induction process,®* which is necessary to activate
the photochemical molecular device and essentially represents
a light-induced reduction coupled with protonation of the
bridging ligand. The so-formed radical state located on the
bridging ligand is a persistent entity during the whole catalytic
cycle; in other words, subsequent steps in the mechanism
involve this doublet ground state as the actual catalyst. The
important catalytic role of such unsaturated or radical states
has also already been identified for metal-oxide catalysts.*’
Furthermore, we reveal the important role of the protonation
of the photomolecular device for its stability during the hydro-
gen evolution reaction. Thus, we provide design rules for active
molecular photocatalysts.

In detail, we have employed density functional theory (DFT)
to elucidate the complete cycle of the photocatalytic hydrogen
evolution reaction, which, to the best of our knowledge, has
not been achieved before. The electrochemical environment
has been taken into account using an implicit solvent model.
In addition, time-dependent density functional theory
(TD-DFT) has been utilized to comprehensively analyze the
excitation properties of the intermediates during the photocata-
Iytic process. This allows us to validate the identified reaction
intermediates by comparing their spectroscopic signatures with
the wealth of experimental information. To showcase this
approach, we have chosen [(tbbpy),Ru(tpphz)Ptl,]** (tbbpy
= 4,4’—di—tert—butyl—2,2’—bipyridine, tpphz = tetrapyrido [3,2-
a:2/3"c:3"-h:2",3"-j] phenazine) or simply RuPtL, as the photo-
chemical molecular device, which has shown great promise for
the photocatalytic hydrogen evolution.”'®** Very relevant to
this study are the high chemical stability of the Ptl, center
bound to the NN-chelating extended 7 system of the bridging
ligand, tpphz.** It has been demonstrated that the synergy
between the extended z-system of tpphz and the specific bond-
ing at the square planar PtI, sphere is crucial for this high stabil-
ity during the catalytic cycle.

By following this approach, we not only gain unprecedented
insights into the mechanism of hydrogen evolution from RuPtI,
but also elucidate how this photocatalyst molecule protects
itself from degradation. Identifying the complete photocatalytic
HER cycle is invaluable for future advancements in developing
photochemical molecular devices to achieve optimal hydrogen
production. However, we like to add a note of caution. In this
paper, we present a plausible complete catalytic cycle of the
photo-induced HER. Yet, it is important to note that not all
reaction intermediates are necessarily observable by experi-
ments as they are often too short-lived to provide a signal
detectable by experiments. Furthermore, considering the turn-
over numbers per complex derived from experiments, such as
reported in ref 9, shows that a successful photocatalytic reaction
corresponds to an extremely rare event on the microscopic
scale, on the order of one event every several minutes. This also

https://doi.org/10.1021/acscatal.6c03235
ACS Catal. XXXX, XXX, XXX-XXX

920z Jequialdas /z uo 1senb Aq Jpd-BGEZE0-9202-S9/G 2 /99989/SEZE009'[BIBISOB/LZOL 0 L/10p/1pd-ajoiLie/soe00e/BI0"s0e"Sqnd Wol) papeojumoq


http://pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.6c03235

ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

means that the reaction steps proposed in our theoretical study
occur rather infrequently, and our proposed reaction mecha-
nism corresponds to a rare event. However, our reaction mech-
anism is consistent with all experimental observations, as
described in detail below; therefore, we are very confident that
our study provides a rather realistic possible scheme for the
photocatalytic HER cycle.

B 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 configura-
tion of the RuPtl, photocatalyst under reaction conditions. Our
calculations also include the careful analysis of different charge
and spin states. All DFT calculations were performed using
the Gaussian 16 Rev C.01 code.>® The B3LYP functional,*®>’
together with Grimme DFT-D3 dispersion corrections and
Becke-Johnson damping,®® in combination with a def2-SVP
basis set,>”*° has been employed for the geometry optimization.
Afterward, single-point calculations at the relaxed geometries
using the same functional but a larger def2-TZVP basis
set’”*” have been performed to obtain converged energies on
the single-particle level. Basis set superposition errors
(BSSE)*! at the def2-TZVP level were estimated to be small
(approximately 0.05 eV).*>** Since all energetic comparisons
in this work are based on relative energies between transition
states and their preceding intermediates along a common reac-
tion coordinate, the residual error is expected to largely cancel.

In the search for the most favorable reaction path, we have
been guided by the Brgnsted—Evans—Polanyi principle,** which
states that there is a close relation between the height of activa-
tion barriers and the reaction energy, ie., we have considered
the reaction path with the energetically most favorable interme-
diates. Transition states between these intermediates were con-
firmed by the presence of a single imaginary mode along the
reaction coordinate. Depending on the nature of the transition
state, only an implicit or a simplified micro-solvation model
combined with an implicit solvation model was used. Thus,
the barriers correspond to a worst-case scenario and the true
barriers may be lower due to beneficial interactions with the
solvent.

The theoretical modeling of photocatalytic and electrocatalytic
processes requires an appropriate consideration of the interface
between the catalyst and the electrolyte.”> In the experiments, a
6:3:1 (v/v) mixture of acetonitrile, triethylamine, and water was
used as the solvent, with a final catalyst concentration of 70 pM
in the catalytic solution. Subsequently, the solution was irradiated
using four LED arrays (470 nm, 30-40 mW cm2) and continu-
ously air-cooled to maintain the temperature at 22 °C. To
account for the solvent environment in the theoretical calcula-
tions, an explicit description of the full solvent mixture would in
principle be desirable. However, quantum chemical calculations
of extended solvated complexes using explicit solvent models
remain computationally prohibitive. Therefore, we employed an
implicit solvation model based on the solvation model density
(SMD) approach.* Such implicit solvent models cannot capture
specific solvent organization or the preferential ordering of
co-solvents at the molecular level.*’ In the present calculations,
we therefore used an implicit solvent with the dielectric constant
of acetonitrile. This choice is motivated by experimental observa-
tions showing that the addition of triethylamine (NEt;) and water

to acetonitrile does not significantly affect the optical properties
of the RuPtL, complex.9 Furthermore, no substitution reactions
in RuPtl, have been experimentally observed under these condi-
tions, which allows the simplifications implemented throughout
this study for this specific complex.” Furthermore, TD-DFT***
has been utilized to comprehensively analyze the excitation prop-
erties of the intermediates during the photocatalytic process. For
the TD-DFT calculations, we employed the same setup as used in
the geometry optimization.

The selection of the B3LYP-D3(BJ) functional in this study
was based on several considerations. First of all, previous com-
putational studies have demonstrated that DFT methods,
including B3LYP-based approaches, can provide reasonable
estimates of the relative energy differences between high-spin
and low-spin states in transition-metal complexes, although with
an intrinsic uncertainty associated with the choice of func-
tional.>® Therefore, it might well be that the relative quantitative
ordering of the spin states can be functional-dependent and
should therefore be considered qualitatively rather than quanti-
tatively. Furthermore, in our previous work'® summarized in
Section 4 of the Supplementary Information, we systematically
benchmarked B3LYP-D3(BJ) against a range of functionals,
including global hybrid functionals (PBEO), range-separated
hybrid functionals (CAM-B3LYP, HSE06), and a meta-hybrid
functional (M06, M06-2X). In that study, B3LYP-D3(BJ)
showed the best overall agreement with the experimental UV—
vis spectra. Furthermore, proton solvation energies calculated
using the same level of theory were found to be in good agree-
ment with experimental reference values,”’ providing additional
support for the suitability of this functional in describing ther-
mochemical trends relevant to the present system.

To assess the probability of proton binding to the photo-
chemical molecular device, we derived values of the acid disso-
ciation constant pK, from the calculated proton solvation
energies using the isodesmic method with an accuracy of
around 1.5 pK, in water.>' " Based on our calculations, the
proton solvation energy value in acetonitrile is —11.20 eV, which
compares well with previously measured and calculated
values.”®*? For details of the method for calculating the proton
solvation energy and pK, we refer to the Supplementary
Information (SI) and the literature.’*° The reduction energy
of RuPtl, is determined from DFT calculations using the
NEt,/NEt," redox couple as the reference. Finally, to examine
the changes in the electronic distribution of RuPtl, throughout
the reaction pathway, Mulliken charge analysis® was per-
formed. Although Mulliken charges are known to exhibit a
dependence on the choice of basis set, they remain useful for
qualitatively describing relative changes in the electron distribu-
tion.*>~%* Therefore, in this work, we focus on the charge differ-
ences rather than the absolute charge values to characterize the
electronic distribution changes associated with the reaction
intermediates.

B RESULTS AND DISCUSSION

In this study, we consider the RuPtl, complex, which consists of
a Ru polypyridyl unit that acts as a photosensitizer and a Ptl,
catalyst. Both units are connected by a tpphz bridge.”**
Previous measurements showed remarkable HER activity for
this complex. A turnover number (TON) exceeding 450 was
observed in mixtures of acetonitrile (MeCN), water, and
triethylamine (NEt,) in a volumetric composition of 6:1:3,
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with NEt; acting as a sacrificial electron donor. To the best of
our knowledge, this result represents one of the highest photo-
catalytic hydrogen gas production yields among photochemical
molecular devices utilizing platinum-based catalysts. In addition,
RuPtl, exhibits not only high photocatalytic performance but
also good stability as a catalyst under operational condi-
tions.”'”** Beyond its high stability, RuPtl, can be repaired
by different pathways, which reinvigorate its photocatalytic
capacity.”** This very rare capability renders a detailed under-
standing of its actual photocatalytic mechanism very important.

Before considering the explicit calculations, we like to first
recall the basics of the electrocatalytic HER, as photo- and elec-
trochemistry likely share many mechanistic similarities. The first
step in the HER typically consists of the Volmer step:®®

Volmer : Cat+H?' +e —Cat — 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 mechanisms, either
the Volmer—Tafel mechanism involving a chemical recombina-
tion reaction or the Volmer—Heyrovsky mechanism involving
a second charge-transfer step:®>~"3

Tafel : 2Cat — H—2Cat+ H, (2a)
Heyrovsky : Cat —H + H* +e —>Cat+ H, (2b)

The PMD considered in our study contains only one cata-
Iytic center, which means that it is very unlikely that the Tafel
mechanism requiring two adsorbed hydrogen atoms can be
operative. However, as illustrated in the Volmer—Tafel (egs 1
and 2a) and the Volmer—Heyrovsky (eqs 1 and 2b) mecha-
nisms, the electrocatalytic HER requires the transfer of two
electrons to the two protons. These electrons have to be pro-
vided by the flowing current to the electrocatalyst. Molecular
photocatalysis is related to the electrocatalysis if viewed from
the perspective of the individual mechanistic steps taking place
at the catalysis center, describing the ground-state chemistry
occuring there. It is fundamentally different from the perspec-
tive of the source and supply of the required electrons. They
are provided by consecutive one-electron transfer steps from
the PS to the CAT center, which can only take place if a (sacri-
ficial) electron donor is oxidized. Without irradiation, the
RuPtl, 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. These transfer steps
must then be coupled to oxidation of the electron donor, which
commonly is triethylamine (TEA or NEt;) for this photocata-
Iytic system. Thus, our quest for the elucidation of the micro-
scopic 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.”*>273*

NEt, serves as a reductive quencher for the charge-separated
state in RuPtL,, reducing the photochemically formed transient
Ru(III) to the Ru(II) state. This leads to the formation of NEt,
radical species, which do show a complicated reaction network
involving proton transfer or even hydrogen atom transfer steps,

which are highly dependent on specific reaction conditions.”*

More detailed, very recent investigations using pulse radiolysis
methods have highlighted the reducing power of the radical
intermediates, which may play a role in light-driven catalytic
reactions as presented here.”> Experimental investigations for
RuPtl, using different sacrificial electron donors like BNAH
or BIH do show significant photocatalytic H, formation reac-
tions, surpassing the catalytic results obtained for NEt,.”® The
role of the NEt, radical species in the photocatalysis with
RuPtl, has to be investigated in more detail, but it seems to play
a less pronounced role than in intermolecular photochemical
electron transfer pathways.””

With respect to the chemical environment, in which the
RuPtl, complex is dissolved, challenges 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 electrolytes under catalytic conditions. Therefore, we first
discuss the calculated pK, values of the three protonated species
H,O%, NEt;H*, and MeCNH" in acetonitrile. Note that the
value of the acid dissociation constant pK, is directly propor-
tional to the standard Gibbs free energy change for the proton
transfer reaction. 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 stud-
ies indicate that its pK, in acetonitrile rises, owing to the poor
stabilization of OH™, to 40.°° As a result, water and acetoni-
trile are predominantly not protonated under reaction condi-
tions. In contrast, NEt,H" displays a pK, of 17.6, which is
satisfactorily close to the experimental value of 18.8.7%
Consequently, for the HER on RuPtl, to occur, the pK, value
of the metal hydride at RuPtl, must be higher than 17.6; other-
wise, the protons would hardly bind to the photocatalyst. Based
on this requirement, we computationally explored a multitude
of 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 toward the HER as it has a
highly acidic pK, of —4.7 on the Ptl, catalyst. The nitrogen
atoms on the bridging ligand represent additional possible pro-
tonation sites. However, they also have low pK, values of 3.2
and —4.4 for the first and second protonation on the bridge,
respectively; therefore, no protons are bound to RuPtl, in its
electronic ground state.

The HER is initiated by the reductive activation of RuPtl,
through the initial electronic excitation to state 1%, requiring
an energy of ca. 2.85 eV (4 = 435 nm, S17, see Scheme 2).
This excitation corresponds to a singlet metal-to-ligand charge
transfer (‘MLCT) involving electron transfer from the ruthe-
nium metal center to the ligands (see Figure 2a). Afterward,
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 intermediate 1. It corresponds to a *MLCT state with
excess electron density at the tpphz ligand. In the MLCT,
approximately 0.7e are shifted from the photosensitizer (ruthe-
nium and bipyridine ligand) to the tpphz bridge (see Mulliken
charge and spin state shown in Figures S1 and S2). As the next
step, the sacrificial electron donor triethylamine (NEt,)
donates an electron to intermediate 2, as experimentally well-
known,””™® with AG = —022 eV, and thus reduces the
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Scheme 1. Overall Reaction Mechanism of Light-Driven Hydrogen Evolution Reaction with RuPtl,a
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photocatalytic molecule to produce intermediate 3, as shown in of NEt,H™. Therefore, both intermediates cannot be consid-

Rxn II, where the excess electron is accumulated at the bridge ered as active species in the photocatalytic process.

(see Figures S1 and S2). The probability of Pt~H bond forma- However, one of the nitrogen atoms in the bridging ligand of

tion in intermediates 2 and 3 is very low due to their pK, values intermediate 3 possesses a pK, of 17.9, which is larger than the

being approximately 9 and 6 units, respectively, lower than that pK, of NEt;H*. Consequently, the proton transfer from
F https://doi.org/10.1021/acscatal.6c03235
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Scheme 2. Reaction Energetics along the Catalytic Cycle Shown in Scheme 1a
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Figure 2. Absorption spectra of the intermediates 1 (panel a), 4 (b), and 6 (c). In addition, the most important excited states, together with their
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NEt,H™ to form the intermediate 4 is slightly exothermic, only
hindered by a moderate energy barrier of 0.49 eV. This process
is a bit more favorable than the bridge protonation of interme-
diate 2 with an activation barrier of 0.56 eV. According to our
calculations, 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
1.02 A and a bond angle of 149.3°, relative to the plane of the
bridging ligand (see Scheme 2). This particular mechanism pro-
ceeding through intermediate 4 is in good agreement with the
experimental findings,”>”* thus supporting the hypothesis that
the single protonation of the bridging ligand is an intermediate
step in the photocatalytic process. It should be noted that the
calculated proton-transfer energetics may be affected by the
local solvation environment. Explicit solvation was not consid-
ered in this work because it would substantially increase the
computational cost and is challenging to implement meaning-
fully for the mixed solvent system employed here.
Accordingly, the present calculations are intended to provide
semiquantitative mechanistic insight.

According to our determination of the pK, values, intermedi-
ate 4 remains inactive for any HER step; however, this interme-
diate has a highly acidic pK, value of —3.3 for the protonated Pt
center. Furthermore, the second protonation of the bridging
ligand of intermediate 4 is associated with a pK, of 7.7, which
is still lower than the pK, of NEt;H*. According to experi-
ments,”'¥>7323%8% 3 significant decline in the catalytic activity
is observed, which might be due to the two-fold protonation
of the bridging ligand. Obviously, the fully protonated bridging
ligands correspond to the deactivated state caused by the lack of
unpaired electrons.>>*° According to our calculations, the deac-
tivation 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. Besides
its function as an electron supplier, the basic pK, value of 17.6
of NEt;H* also serves as a proton regulator. If an electron
donor with a lower pK, value of, say, 9.0 is chosen, RuPtl, in
its intermediate state 4 would become deactivated by the sec-
ond 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 Pt catalyst in the inter-
mediate configurations 3 and 4 is zero (see Tables S3 and S$4).
As a result, the LMCT process may not occur at all or will pro-
ceed very slowly. This has been demonstrated by performing
photoelectrochemistry measurements by Miiller and coworkers
on the reduced form of RuPtL,.>” Based on this work, the exci-
tation process of the reduced RuPtl, ends with charge accumu-
lation 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 by a second excitation process.
According to Figure 2b, the maximum transition probability of
intermediate 4 occurs at a wavelength that corresponds to
MLCT excitation from the ruthenium metal center to the
ligands. Thus, the intersystem crossing (ISC) and vibrational
cooling (VC) from the doublet into the quartet state become
allowed, %688 forming intermediate S. This transition is associ-
ated with a significant increase of the pK, for the second pro-
tonation step to roughly 14, both at the second pyrazine

nitrogen atom and at the Pt center. However, the doubly pro-
tonated complex still only exists in very small concentrations
because the pK, values are still smaller by three units than the
pK, of 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, intermediate
6. According to the Mulliken charge analysis, the excess elec-
tron 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 pro-
tonation 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 evo-
lution since the H-H bond formation is still strongly ender-
gonic by 148 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 condi-
tions.®

Interestingly, the higher intensity of the MLCT transitions
of intermediate 4 is crucial for the photocatalytic step.
Assuming that the intra-ligand charge transfer (*ILCT) and
ligand-to-ligand charge transfer (*LLCT) transitions have
higher oscillator strengths than the MLCT state, the intersys-
tem crossing (ISC) process will be much slower and the reduc-
tion process would favor a doubly reduced singlet state,
intermediate 13 (see Scheme S2 for details), instead of the trip-
let state intermediate 6. The formation of a singlet spin state
(intermediate 13) renders the second nitrogen atom a stronger
base compared to the preferred triplet state, ie, the pK,
increases from 14.5 in intermediate 6 to 24.2 in intermediate
13. Accordingly, the bridging ligand would be doubly proton-
ated under reaction conditions according to Scheme 3. Thus,
avoiding the low-spin route by switching off *ILCT and
*LLCT transitions”®* in Rxn IV is crucial for avoiding catalyst
deactivation. It is noteworthy that under electrochemical condi-
tions, which can only proceed through the more stable low-spin
states, this catalyst would therefore be subject to rapid deactiva-
tion. More generally, we emphasize that this competition
between spin states, and consequently the predicted preference
for the productive triplet pathway over the deactivating singlet
pathway, depends on the calculated relative energetic ordering
of these states, which may be sensitive to the choice of density
functional. This mechanistic picture should therefore be inter-
preted qualitatively, as indicative of a competition between
accessible spin states, rather than as a quantitatively definitive
prediction.

Based on our calculations, the third reduction is initiated by
photoexcitation at 443 nm. After an intersystem crossing and
vibrational cooling from the triplet to the quintet state, interme-
diate 7 is obtained. The excitation corresponds to a charge
transfer from the Ru and partly the Pt center to the surrounding
ligands (T4S and TS0 in Figure 2c). The Mulliken charge anal-
ysis indicates an electron transfer of around 0.6e from the pho-
tosensitizer toward the bridging ligand. The triplet-to-quintet
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Scheme 3. Possible Reaction Mechanism for the Double Protonation of the Bridging Ligand
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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 barrier of 0.54 eV.
According to our calculations, the Pt atom is elevated toward
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 pla-
nar to tetragonal bipyramidal with an iodide ligand in the axial
position and the hydrogen atom in the planar position. This
configuration is more stable than the one with the hydrogen
atom in the axial position, with an energy difference of approx-
imately 0.34 eV. Meanwhile, the configuration with both iodine
atoms in the planar positions and the hydrogen atom in the
axial position was not observed, as the geometry optimization
process consistently converged to the configuration with the
lowest energy. The protonation is followed by a reduction of
the bridging ligand of the complex through oxidation of NEt,
with a change in Gibbs free energy of —0.03 eV to form interme-
diate 9.

We note that this preference for the equatorial over the axial
protonation site is because the lifetime of the axial hydride with
respect to reverse proton transfer (~24 ps, see detailed calcula-
tion in the SI) is too short to allow the subsequent
electron-transfer step from the electron donor to transition
metal complexes, which is estimated from literature values to
occur on the order of hundreds of picoseconds to hundreds
of nanoseconds,”*” to compete effectively. The equatorial

hydride, by contrast, exhibits a substantially longer lifetime
(~13 ps) and is therefore considered the catalytically relevant
intermediate in this work. However, we would like to remark
that this preference is not necessarily general for all platinum
complexes because a change in proton source, ligand, or solvent
composition could render the axial protonation site more favor-
able than the equatorial one.

Intermediate 9 corresponds to the final state before the for-
mation of molecular hydrogen occurs. As mentioned above,
there are two possible pathways in the hydrogen formation pro-
cess: the Volmer—Tafel and Volmer—Heyrovsky paths.*>~"> The
necessary first step in both mechanisms, the Volmer reaction,
has already occurred at Rxn VIL In the Tafel mechanism, a sec-
ond proton binds to the catalyst, followed by the recombinative
desorption of the two hydrogen atoms. According to the 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 inter-
mediate 9 in Scheme 1), corresponding to a highly unfavorable
Gibbs free energy of reaction of 0.66 eV for proton transfer
from NEt;H* according to Scheme 4 with pK, = 17.6. This
large thermodynamic penalty strongly suppresses the equilib-
rium population of the doubly protonated intermediate. Thus,
this species is expected to be only negligibly populated at equi-
librium. 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.'®" It is important
to note that this thermodynamic argument is distinct from the
kinetic feasibility of the underlying proton-transfer step. Due
to the light mass of the proton, a tunneling contribution to
the proton transfer appears possible. However, quantum

Scheme 4. Hypothetical Scheme for the Double Protonation of the Catalyst
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surfaces have demonstrated that the exponentially suppressed
tunneling probability through a relatively high barrier hardly
contributes to the overall reaction probability,'”> whereas
zero-point effects might in fact play a role.

In particular, it does not, by itself, preclude formation of the
intermediate. Potential contributions from hydrogen tunnelling
concern the kinetic barrier associated with the formation of this
state, rather than its thermodynamic stability or equilibrium
population. Therefore, while tunnelling may facilitate the
proton-transfer step kinetically, it does not alter the substantial
thermodynamic penalty of 0.66 eV associated with the forma-
tion of the doubly protonated species. However, the pK, of
the second proton at Pt is 84 (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 a Gibbs free energy of
reaction of 0.66 eV according to Scheme 4, even considering
possible hydrogen tunneling contributions.

A significant decrease in pK, compared to the first Pt—H
bond is in good agreement with general trends for multipro-
tonic acids'”’ and is a result of the decrease in electron density
at the bridging ligand and the Pt after the first protonation by
0.46e and 0.1Se, respectively (see Rxn VII in Figure 3).
Nevertheless, hydrogen evolution from such a doubly proton-
ated species would be feasible as it requires only to overcome
a moderate barrier of 0.50 eV. However, a direct Tafel-like
mechanism can be excluded for RuPtl,, as already indicated
above, owing to the very low concentration of the doubly pro-
tonated 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 eV. 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 the Pt atom and the ¢ bond of the H-H species.
However, the steric interactions between the ethyl groups of

NEt,H"* and the phenanthroline group surrounding the
RuPtl, center 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 cat-
alyst of intermediate 9, respectively. Overall, this Mulliken
charge and spin-density analysis is consistent with the bridging
ligand acting not only to connect the photosensitizer and cata-
lyst but also as a site of electron storage prior to its use in H,
formation.'®® However, we note that this interpretation is based
on qualitative charge and spin-density distributions rather than
a rigorous quantitative decomposition of electron localization.
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 pro-
tonated bridge species, hydrogen evolution is hindered by a
very high activation barrier of 1.13 eV and is therefore effec-
tively inhibited (see Scheme S10 for details). Although the reac-
tion is slow, the deactivation process in RuPtl, cannot be
avoided and may at least partly explain the experimentally
observed catalyst deactivation after 48 h of operation.”!>3>3%8%
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 pyrami-
dal coordination sphere around Pt, yielding intermediate 10.
According to the spin analysis (see Figure S2), the total spin
densities on the bridging ligand and Ptl, of intermediate 10
are 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 configu-
ration in RuPtl, is similar to the CO—Pt—Cl configuration in
the triplet metal-centered (*MC) state of Pt(ppy)(CO)(Cl),
as calculated by Escudero and coworkers.'”*'% Thus,
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Figure 3. Mulliken charge of intermediates in two reactions: catalyst activation (top) and loss of the iodide ligand reaction (bottom).

https://doi.org/10.1021/acscatal.6c03235
ACS Catal. XXXX, XXX, XXX-XXX

920z Jequialdas /z uo 1senb Aq Jpd-BGEZE0-9202-S9/G 2 /99989/SEZE009'[BIBISOB/LZOL 0 L/10p/1pd-ajoiLie/soe00e/BI0"s0e"Sqnd Wol) papeojumoq


https://pubs.acs.org/doi/suppl/10.1021/acscatal.6c03235/suppl_file/cs6c03235_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.6c03235/suppl_file/cs6c03235_si_001.pdf
http://pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.6c03235

ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

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 coordina-
tion geometry (see Rxn X in Scheme 2). This restoration is
followed by spin crossover from quartet to doublet,'®*'°7
forming intermediate 4.

It is, of course, an interesting issue to identify the rate-
limiting step in this catalytic cycle. As can be seen in
Scheme 1, there are some reaction steps associated with barriers
between about 0.5 and 0.7 eV. However, to obtain a qualitative
estimate of the reaction kinetics, we employed the Eyring equa-
tion'%11% to calculate the rate constants for the elementary
steps associated with the transition states. The calculated rate
constants are 2.26 X 10° s7! for TS3-4, 4.7 X 10® s7* for TS7-
8, and 1.9 X 10' s7! for TS9-10. These results indicate that
the TS9-10 step is substantially slower than the preceding ele-
mentary steps and is therefore expected to be the rate-limiting
step within the proposed catalytic cycle. Alternatively, one
could address kinetic isotope effects by performing quantum
nuclear dynamics simulations,*! which, however, is also numer-
ically extremely demanding. In addition, from a photophysical
perspective, reliable information regarding the lifetimes and
populations of the higher-spin intermediates involved in the sin-
gly, doubly, and triply reduced states (intermediates 2, §, 8, and
10) would also be required for the kinetic study. These param-
eters are essential for accurately determining the steady-state
concentrations of reactive intermediates and the overall catalytic
rate. A rigorous treatment of the spin-state dynamics and elec-
tronic structures of these intermediates would further require
computationally demanding multireference approaches, which
are currently beyond the feasible computational scope for this
system size. Furthermore, we like to emphasize that the present
computational work focuses on the adiabatic ground-state pro-
ton- and electron-transfer chemistry captured in Scheme 1.

Besides the mechanism of the light-driven hydrogen evolu-
tion reaction (HER) of RuPtl,, the prevention of degradation
is of high relevance and can be unraveled in our mechanistic
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 intermedi-
ate 4 into 6. Assume a situation in which, starting from interme-
diate 6, the *ILCT 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 $).

The degradation process in Rxn XVI can be explained by the
changes in Mulliken charges in Figure 3. 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 trans-
ferred 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 supports the find-
ings from previous studies that the decomposition process in
PtX, catalysts (where X = Cl and I) occurs when the catalyst
acquires two electrons.'*>''>!13 On the other hand, catalyst
degradation is not observed when only one electron is trans-
ferred 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 opti-
cal properties of intermediate 16 (see Scheme S8 for details).
According to our TD-DFT calculations, the wavelength of max-
imum absorption of this intermediate at a value of 449 nm is
characterized by 2MLCT (see Table S8 in the SI). Therefore,
intersystem crossing from doublet to quartet is allowed to form
intermediate 8. Based on previous work,”>*851147117 the inter-
system 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,''*'*° depending on the reac-
tion environment and proton concentration. Thus, the ISC pro-
cess is much faster than protonation, 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, catalyst degradation may represent one possible path-
way affecting the performance of Ru—Pt-based catalysts with dif-
ferent bridging ligands, particularly for ligands that cannot be
protonated.'”?%'*!=125 However, the specific degradation
pathways may depend on the nature of the bridging ligand. A
very intriguing correlation between the sequence of redox
events and stability of the platinum-complex-based catalyst
has recently been put forward, ie., if the first reduction is

Scheme 5. Release of an I Ligand from the Catalyst upon Protonation of the Pt Site of Intermediate 16
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ligand-based, then enhanced stability of the molecularly
defined catalyst may be anticipated.’” The results presented
here explicitly focus on ligand architectures, tpphz, which pos-
sess the capability of being the easiest to reduce if coordinated
to a platinum(II) center; however, here, they are accompanied
by the capability of protonation. More detailed investigations
into the generality of the redox sequence line of argumenta-
tion are required.

B CONCLUSIONS

In conclusion, based on state-of-the-art first-principles calcula-
tions, we have presented a complete catalytic cycle of the pho-
tocatalytic hydrogen evolution reaction on a photochemical
molecular device. To the best of our knowledge, such a com-
plete catalytic cycle has not been reported before. The proposed
reaction mechanism has been based on the existing experimen-
tal information in a consistent way, filling the gaps by results of
state-of-the-art quantum chemical calculations. Our study
clearly reveals the important role of the bridging ligand between
the photosensitizer and the catalyst in the hydrogen evolution
reaction. It furthermore provides a rational explanation for the
recently discovered induction period for activating the photo-
chemical molecular device. It highlights the correlation between
light-driven electron transfer from the photocenter to the bridg-
ing ligand and subsequent protonation of the bridging ligand,
which has been observed experimentally to play a pivotal role
in determining photocatalytic activity. Only this step enables
the formation of hydrogen at the later stages of the catalytic
cycle. A fundamentally new perspective on the light-driven cat-
alytic process is our key finding that the whole catalytic cycle
does not progress as previously assumed via a starting singlet
configuration, which then progresses via a doublet intermediate
to a final singlet, twofold reduced state located at the Pt—H
bond. Our findings show a very different sequence of intermedi-
ates forming a doublet state within the induction phase of catal-
ysis, which then progresses to even higher multiplicity
intermediates. Furthermore, these higher-spin states are also
crucial for preventing degradation of the photoactive complex.

The reaction proceeds through an induction phase step in
which a light-driven electron transfer to the bridging ligand is
followed by protonation of the basic nitrogen moiety.
Subsequent two-fold light-driven electron transfer across this
already one-fold reduced bridge is followed by a Volmer—
Heyrovsky type hydrogen evolution mechanism, in which the
sacrificial donor acts as a proton regulator. The dual function
of the sacrificial electron donor, acting as a reducing agent
and, at the same time, as a regulator of proton concentration,
and therefore providing a dual tuning of the photocatalytic
activity, becomes very apparent in this work. 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 from both the bridging ligand and the cat-
alyst of the photochemical molecular device. This is consistent
with the notion 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.

The presented findings clearly suggest that a reversible
proton-accepting sphere as part of the bridging ligand architec-
ture is very relevant as this supports the crucial one electron
reduced state of the photocatalyst, which is the catalytically
active state. An acridine-like architecture, instead of the
phenazine-like unit in tpphz, could provide this property while,
at the same time, raising the LUMO of the central sphere, thus
reducing thermal activation energies for the intramolecular elec-
tron transfer. More fundamentally, it is very apparent from the
presented results that intramolecular photocatalysis is proceed-
ing via doublet or even higher spin states. This prediction would
imply that electron paramagnetic resonance methods like tran-
sient electron paramagnetic resonance could provide essential
spectroscopic details for the mechanism, as nearly all intermedi-
ates of the catalytic cycle possess unpaired electrons. It further-
more opens a new perspective on the requirements for soft
matter/surface immobilization, as stabilization of radical inter-
mediates would be required, as they represent the catalytically
active state of the photocatalyst.
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