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Abstract

Hydrogen (H») is a clean fuel that can potentially be a future solution for the storage of intermittent
renewable energy. However, current H» production is mainly dominated by the energy intensive
steam reforming reaction, which consumes a fossil fuel, methane, and emits copious amounts of
carbon dioxide as one of the byproducts. To address this challenge, we report a molecular catalyst
that produces H» from aqueous solutions, is composed of affordable, earth-abundant elements such
as nickel, and has been incorporated into a system driven by visible light. Under optimized
conditions, we observe a turnover number of 3880, among the best for photocatalytic H> evolution
with nickel complexes from water-methanol solutions. Through nanosecond transient absorption,
electron paramagnetic resonance, and UV-visible spectroscopic measurements, and supported by
density functional theory calculations, we report a detailed study of this photocatalytic H»
evolution cycle. We demonstrate that a one-electron reduced, predominantly ligand-centered,
reactive Ni intermediate can be accessed under visible light irradiation using triethylamine as the
sacrificial electron donor and reductive quencher of the initial photosensitizer excited state. In
addition, the computational calculations suggest that the second coordination sphere ether arms
can enhance the catalytic activity by promoting proton relay, similar to the mechanism among
[FeFe] hydrogenases in Nature. Our study can form the basis for future development of H>
evolution molecular catalysts that incorporate both ligand redox noninnocence and alternative

second coordination sphere effects in artificial photosynthetic systems driven by visible light.

Introduction

With the growing threat of global climate change, intensified efforts have been devoted to the
development of sustainable energy sources to reduce the reliance on fossil fuels.! The storage of

solar energy in chemical bonds, also known as artificial photosynthesis, by splitting H>O into Ha



(proton reduction) and O (H>O oxidation), has been explored as a potentially clean and carbon-
free solution.? Semiconductor materials such as metal chalcogenides and phosphides have emerged
as cost-effective replacements for the unsurpassed platinum (Pt) as the photo- or electrocatalyst
for proton reduction to Hz.> Nonetheless, although such heterogeneous systems exhibit remarkably
high H> production rates or even self-healing abilities, detailed mechanistic investigations of the
interfacial chemical processes remain challenging. In contrast, molecular photocatalytic systems
are often highly selective and active, more amenable to spectroscopic probes for the elementary
reaction steps, and can be systematically designed and improved through ligand variations.
Typically, molecular photocatalytic H» evolution systems consist of a light absorbing
photosensitizer and a proton reduction catalyst, each of which can be independently optimized.*
Thus, some critical aspects of creating improved artificial photosynthetic systems include the
development of an affordable, efficient H, evolution catalyst, and a thorough understanding of the
light absorption and electron transfer events.’

Historically, integrated photocatalytic systems comprising platinum-group metals (PGMs) like Pt,°
Rh,” Ir,® and Pd’ have exhibited respectable performance for light absorption and H, evolution by
the same molecule. However, new catalysts consisting of earth-abundant, first-row transition
metals are increasingly sought after as more sustainable alternatives, due to the high price of
PGMs.!"" For instance, cobalt-containing cobaloxime catalysts have been combined with a
multitude of photosensitizers to produce Hz, although they have demonstrated modest stability and
turnover numbers (TON) thus far.!! Cobalt polypyridyl complexes have also shown competent H»
production activity under photodriven conditions.'? On the other hand, although DuBois, Bullock,
and coworkers have reported nickel (Ni) PoN2 complexes with exceptional electrocatalytic Ha

evolution activity exceeding that of even enzymatic systems,'* the Ni P.N> compounds exhibited



surprisingly low turnover frequencies (TOF)'* for photocatalytic proton reduction until the second
coordination sphere has been modified with phosphonic acid groups and the catalyst has been
immobilized on metal oxide semiconductors.'® In addition, Eisenberg and coworkers have
presented seminal studies on homogeneous catalysis with redox noninnocent ligands by using Co
dithiolene'® and Ni thiolates'” for the photogeneration of H, from aqueous organic solutions.
Notably, their recent Ni pyridinethiolate molecular catalyst and photosensitizer system displayed
an outstanding TON of 7300 in 30 h, with a proposed mechanism similar to the proton relays in
natural hydrogenase enzymes.!’”® Several other non-amine proton relays in small molecule redox
catalysis have also been explored by Nocera and coworkers.*® They reported that incorporating
different proton relays on the second coordination sphere of metal complexes enhanced the H;
evolution reaction (HER) and lowered the overpotential compared to the unmodified catalyst.
These studies collectively demonstrated the importance of proton relays in the second coordination
spheres of transition metal-based catalysts for efficient catalytic HER.

As part of an effort toward artificial photosynthetic systems,! our group has embarked on a

O charge separation,”’ and

research program to explore and optimize the light absorption,?
multielectron catalytic*? functions. We had previously synthesized and employed new Ni
salicylaldimine catalysts with pendant ether arms in the second coordination sphere to bind
hydrated alkali metal cations and provide hydrogen-bonding stabilization for enhanced
electrocatalytic H> evolution reactivity.?** Polyether appended salicylaldimine complexes have
lately been explored by Yang, Blakemore, and others and shown to be effective for chelating alkali
metal cations to form bimetallic complexes.” The coordinated and hydrated alkali metal cations

can in turn act as non-amine proton relays to enhance HER by steering water molecules in close

proximity to the metal center.’”® This approach capitalized on established principles in



supramolecular chemistry that crown ethers effectively chelate alkali metal cations and Lewis
acids will increase the Bronsted acidity of coordinated water molecules, thus resulting in enhanced
activity especially for proton-dependent catalysis.?* In addition, the unbound ether groups can also
form hydrogen-bonding interactions with water, which will raise the local concentration of water
near the catalytically active metal center to promote the multi-electron and multi-proton transfer
processes in HER.

We have now developed a more robust and active Ni salicylaldimine catalyst in only two steps
from affordable, commercially available reagents that can be incorporated into a molecular
photocatalytic H> evolution system. This new Ni complex includes peripheral ether arms as well
to allow us to investigate the effects of balancing ligand redox noninnocence and second
coordination sphere effects on the H> evolution catalysis. Under optimized conditions, we utilized
Ir'(ppy)2(dtbbpy) (ppy = 2-phenylpyridine; dtbbpy = 4,4’-di-tert-butyl-2,2’-bipyridine, [Ir]) as a
light-harvester and triethylamine (TEA) as a sacrificial electron donor and reductive quencher to
achieve a photocatalytic H> evolution TON of 3880 within 6 h under visible light irradiation (>
420 nm), with H>O and methanol as the proton sources. Motivated by these results, we performed
detailed experiments to elucidate the elementary steps of the Hz evolution catalytic cycle through
nanosecond transient absorption, electron paramagnetic resonance (EPR), and UV-visible
spectroscopic measurements, further supported by intermediate isolation studies and density
functional theory (DFT) calculations. This study provides the mechanistic insights for small
molecule activation and second coordination sphere effects in homogeneous catalysis, which can
aid in the systematic improvement of HER activity not only for molecular systems,!*> 2 but also

for heterogeneous catalysts.



Results and Discussion

Synthesis and characterization of nickel complex

The nickel complex 2 was synthesized in high yields (83%) over only two steps from affordable,
commercially available reagents (Scheme 1). In the first step, 2,3-dihydroxybenzaldehyde was
modified with a 2-methoxyethoxy ether arm to give 2-hydroxy-3-(2-methoxyethoxy)benzaldehyde
(1). Subsequently, 1 reacted with 2,3-diamino-5-chloropyridine via a condensation reaction in the
presence of nickel acetate in methanol (MeOH) to yield complex 2 as a deep red powder. Complex
2 was fully characterized by nuclear magnetic resonance (NMR) spectroscopy, high- resolution
mass spectrometry (HRMS), elemental analyses, and UV-visible spectroscopy. The UV-visible
spectrum of 2 (Figure S1, Supporting Information, SI) in the Supporting Information (SI) exhibits
two absorbance peaks at 380 and 488 nm in MeOH (containing 5% H>0O) with extinction
coefficients of 18700 and 4820 M 'em™!, which can respectively be assigned to charge transfers
arising from m—n* transitions of the salicyaldimine ligand and a local excitation from the HOMO
with spin density on the nickel and phenoxy motifs to the LUMO that is largely localized on the
pyridine (Figure S2, SI).

Single crystals of 2 were obtained by slow evaporation from a DCM solution, after which the
molecular structure was determined by X-ray crystallography (Scheme 1). The coordination
geometry of 2 is similar to the Ni complex in our previous report,?*® with a square planar geometry
around Ni, corresponding to a d® electronic configuration. Notably, a HO molecule is trapped in
the pendant ether arm of the secondary coordination sphere. The ether arm could thus potentially
direct H,O molecules and protons toward the Ni center during the catalytic cycle, assisting in the

evolution of H». Other details of the crystallographic data can be found in Tables S1-6 (SI).



Scheme 1. Synthetic Steps and X-ray Crystal Structure? for Nickel Complex 2.
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The cyclic voltammogram of 2 (Figure 1a) in acetonitrile (ACN) saturated with argon shows three
redox waves. The quasi-reversible redox wave (Ei2) at 0.30 V vs. Fc¢'/Fc can be assigned to the
2*/2 redox couple, whereas the irreversible reduction wave at —1.87 V can be attributed to the 2/2~
redox couple (Figure 1b).2° This access to multiple redox states implies that we may be able to
employ 2 as a redox catalyst, especially for the H> evolution reaction. The irreversibility of the
redox wave at -1.87 V, even at different scan rates, is likely due to an electron transfer followed
by a chemical reaction (i.e. an EC process) where two ligand radicals dimerize under

electrochemical conditions.?® This dimerization is a possible deactivation pathway?®’ that can



explain the absence of electrocatalytic H, evolution by 2, despite the fact that it is active under

dilute, photocatalytic conditions (vide infra).
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Figure 1. a) CV of 0.10 M n-BusNPFs in ACN with a glassy carbon electrode (3 mm diameter) in
the absence (black) and presence of 1.0 mM 2 (red) at a scan rate of 100 mV s™. b) CV of the

solution of 1.0 mM 2 in part a) with increasing scan rates from 100 to 1000 mV s in the potential

window of —1.63 to —2.35 V (vs Fc*/Fc).

A series of photodriven Ha evolution experiments were thus performed using a solution of 2 as the
catalyst. Compound [Ir] was chosen as the photosensitizer due to its long excited state lifetime,
established photophysical characteristics, and highly reducing potential of —1.91 V vs Fc*/Fc.?
These known properties will allow us to focus on investigating the role of 2 in the photocatalytic
system. TEA was used as the sacrificial electron donor under visible light irradiation with 5%
water in methanol as the solvent to solubilize all the components. During each catalytic
experiment, the amount of H» built up in the headspace was quantified by gas chromatography
(GC, Table S7, SI) and calculated by subtracting the H2 produced from the control experiments

that were conducted in the absence of 2.



The Hz produced versus time profiles with different catalyst concentrations ranging from 1.0 to
10.0 uM are displayed in Figure 2a. For every experiment, we subtracted the amount of H;
produced by [Ir] only (Figure S3, SI) from the total amount of H> measured. Although the amount
of H. that was produced increased as the concentration of 2 rose, the highest TON of 3880 was
achieved with only 2.0 uM of 2 (red line, Figure 2b). At even lower catalyst loadings when 1.0
UM of 2 was used, the TON was comparable to the ones with 2.0 uM of 2 only for the first 2 h of
irradiation. However, the Ha evolution activity for 1.0 uM of 2 decreased dramatically after the
initial 2 h and the TON finally reached a value in between the experiments with 5.0 uM and 10.0
UM of 2 after 6 h, probably due to the inactivation of 2 (vide infra). Our experiments indicated that
at concentrations of 2 above 2 uM, the H> evolution performance per unit catalyst was lower,
which may be caused by the formation of binuclear or polynuclear salicylaldimine complexes in
the solution.?’ To support this, we observed the presence of an intermediate with a m/z ratio of
1112.57 when we conducted liquid chromatography-mass spectrometry (LCMS) measurements
on the one-electron reduced 2 (vide infra) at high concentrations (Figure S4, SI), which is
consistent with a binuclear complex with a calculated m/z of 1112.13. The LCMS also displayed
the presence of 2~ with a m/z of 556.25 (expected m/z of 556.62) and a product that is likely to be
[2”+ ligand] with the loss of one Ni center at a m/z ratio of 1056.92 (expected m/z of 1056.22).
This suggested that the loss of Ni may be a pathway for the deactivation of 2 to form catalytically
inoperative intermediates containing 2~ bound to a demetallated ligand. However, it is also possible
that the loss of Ni by 27 occurs only during the LCMS experiment, so we cannot definitively
conclude that demetallation of 2 or 2~ is the major catalyst deactivation pathway.

A control experiment with 2.0 uM of 2 conducted in anhydrous methanol under otherwise identical

conditions (entry 5, Table S1, SI) revealed that the TON was almost halved to 1900, suggesting



that H,O was a more effective proton source, albeit not the only one in this photocatalytic system.
An attempt to use Ru(bpy)s(PFs)2 ([Ru]) as the light harvester led to a low TON of only 52 (Entry
13, Table S7, SI), suggesting that a sufficiently reducing photosensitizer was required for optimal
activity. Photosensitizers composed of only earth-abundant elements such as Cu and organic
variants including Eosin Y and Eosin B were also evaluated, but the amount of H, produced was
below the detection limits of our GC (Entries 17-20, Table 7, SI). Catalyst 2 was also more active
than our previously reported Ni salicylaldimine complex,?** which led to a TON of 2800 under the

same photocatalytic conditions at 2.0 uM of the catalyst (Entry 15, Table S7, SI).

a) b)

4000

100-—-—1.0|J|V| T —O—1.0|JM
30004 ==— 5.0 yM
—— 10.0 uM

Amount of H, (pmol)

Time (h) Time (h)

Figure 2. The (a) amount in pmol, and (b) TON of H> produced with [2] = 1.0 uM (black), 2.0
UM (red), 5.0 uM (blue), and 10 uM (green) in a methanol (5% H>O) solution containing 0.10 mM
of [Ir] and 0.10 M TEA under 6 h of visible light irradiation. The amounts of H> generated for each

data point were obtained as an average of at least three independent measurements.

We observed that the rate of H> production slowed down drastically after 6 h of visible light

irradiation in all the experiments. Furthermore, this decrease in the rate of H> production was
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accelerated at lower concentrations of 2 (Figure S5, SI), prompting us to perform additional
experiments to identify the cause. Since TEA was added in large excess, we ruled it out as the
limiting reagent, and examined if the other components were responsible for this deactivation after
6 h. Using the optimized conditions with 2.0 uM of 2, when 0.10 mM of fresh [Ir] was added to
the photocatalytic reaction after 6 h, the H> evolution did not resume. This indicated that
photosensitizer deactivation was not the main reason that H» evolution slowed down. On the other
hand, the addition of one extra equivalent of 2 led to an 80% recovery of H» production in the
following 6 h (Figure S6, SI). Control experiments were also carried out in the absence of 2, [Ir],
TEA, or light, which verified that the amount of H, produced was reduced dramatically (Table S7,
SI). These results establish that all the components are essential for efficient H> gas production,
and the deactivation of 2 is the main cause for the reduction in H> evolution reactivity.
Furthermore, to investigate if the H, was produced from H>O/methanol or from TEA, the reaction
was conducted using D>O and deuterated methanol (MeOD) with unlabeled TEA. Helium gas was
employed as the carrier gas to distinguish between H and D,.2° By comparing with the GC data
of H» and D> standard gases, we observed a signal which confirmed that majority of the product
formed was likely to be D2, with H> below our detection limits (Figure S7, SI). On the other hand,
we mainly detected H> when undeuterated solvents and TEA were used. Therefore, we propose
that H>O, which undergoes rapid proton exchange with methanol, is probably the proton donor
instead of TEA.

The H> evolution rate was also affected by the nominal pH of the solution as shown in Figure S8,
SI. Since the solvent system is a methanolic solution with small amounts of added water, the pH
of the buffered solutions will not be identical to the expected values in aqueous solutions. Thus,

we experimentally verified the value in each reaction solution by using a pH meter. We observed
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that H> evolution started to increase only from around a pH of 8.4 and became optimal at a pH
around 10.0. When the pH of the solution was raised to 11, H> evolution ceased. We propose that
at pH values below 8.4, the TEA would be protonated, which would prevent its critical function
as the reductive quencher of the initial photoexcited [Ir]* to form the reduced [Ir]” necessary for
the catalytic cycle to operate. Above a pH of 10.0, the decline in proton concentrations would start
to affect protonation of the Ni catalyst, leading to the dramatic decrease in the rate of H> evolution.
This optimal pH window for H» evolution under photocatalytic conditions with a sacrificial
electron donor and reductive quencher were also previously observed in studies when the well-
known cobaloxime (Co"(dmgH).pyCl) was employed as a H, evolution catalyst.’! Finally, to
determine whether 2 was a precatalyst in a homogeneous or heterogeneous system since recent
work>? has shown that zero-valent nickel nanoparticles are capable of photocatalytic H> evolution
as well, dynamic light scattering (DLS) experiments were carried out on the reaction mixture after
6 h of irradiation. No nanoparticles were observed in the reaction mixture (Figure S9, SI),
suggesting that 2 operated in a homogeneous molecular catalytic cycle.

With the optimized catalytic conditions in hand, we sought a deeper understanding of the reaction
pathway in the catalytic cycle through time-resolved spectroscopic experiments. There are two
generally accepted pathways for the single photon absorption followed by electron transfer in
molecular photosensitizer reactions. In one route, the photosensitizer absorbs light, after which its
excited state is reduced by a sacrificial electron donor. The reduced photosensitizer is then
recovered by transferring an electron to the catalyst enroute to producing H». Alternatively, the
photosensitizer absorbs light, forms a transient excited state species, and transfers an electron to
the catalyst directly. The oxidized photosensitizer is then reduced to its original oxidation state by

the sacrificial electron donor. To gain some insights into the elementary reaction steps during the
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photocatalysis, nanosecond transient absorption spectroscopic (TAS) and transient emission
spectroscopic (TES) experiments were conducted with 355 nm pulsed irradiation of 0.10 mM [Ir]
in methanol containing 5% H>O. The samples were probed by a broadband xenon lamp beam
before and after 5 — 8 ns pulses. In all our TAS data, the detected intensity of the transmitted signals
is presented as the logarithm of the ratio (AOD) of the light intensity from the probe beam after
laser excitation to the intensity before laser excitation. The AOD thus refers to increased absorption
(positive AOD) or reduced absorption/emission (negative AOD) of the transient photoexcited
species relative to the ground state.

At 570 nm near the emission maximum of [Ir], the photoluminescence lifetime of [Ir]* is 390 £ 20
ns, which we define as 7 (Figure S10a, SI). We subsequently monitored the quenching effect of
each component in the catalytic system on the [Ir]* lifetime (Figure S10b-d, SI) in the presence of
different concentrations of TEA and 2. The Stern-Volmer plots (Figure S11, SI) were obtained
after fitting the photoluminescence decay lifetimes of the signal at 570 nm to a single exponential,
yielding a quenching rate constant, k,, of 5.66 x 10° M! 5! in the presence of TEA. Interestingly,
2 does not quench the photoexcited [Ir] (Table S8, SI), suggesting that [Ir]* is likely to be
reductively quenched by TEA to form [Ir]™ first, after which [Ir]” then transfers an electron to
reduce 2 to 2-.

TAS experiments were then conducted on solutions of [Ir] alone (Figure 3a) and with TEA, in the
absence and presence of 2, as depicted in Figures 3b and 3c, respectively. The spectra were
recorded at ps time-scales to monitor the long-lived intermediates during and after charge transfer
processes have taken place. The transient absorption spectra in the absence of 2 shows the decay
of the characteristic absorption maxima at 380 and 485 nm and the emission maximum at 590 nm

of [Ir]*, concomitant with the formation of a new species with absorptions at 385, 448, 498, and
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530 nm that does not decay within 90 us (Figure 3b). The spectral signatures at 385, 498, and 530
nm confirmed the formation of [Ir]™ through reductive quenching by TEA.”® In the presence of 2
(Figure 3c), the formation of [Ir]” via reductive quenching by TEA was also observed from the
spectral signature at 530 nm. However, the absorption bands at 385 and 498 decayed within 4 pus
(Figure S12, SI, decay of 530 nm band obscured by growing intermediate) and a new intermediate,
likely 2-, with a broad absorption spectral feature from 580 to 700 nm was formed (Figure 3d).

In addition, the kinetics of the absorption at 380 and 630 nm were explored. At and above 630 nm,
the AOD for the formation of [Ir]" is zero so it will have no contribution to the TAS. Thus, the two
lifetimes obtained at this wavelength from the fits to the decay kinetics will then correspond to the
decay of [Ir]* and the formation of 2. At 380 nm, the longest time component corresponds to the
decay of [Ir]” (Figure S13, SI). By comparing the longest time components at 380 and 630 nm, we
find that the formation of 2 (Figure S13, SI) is concurrent with the decay of [Ir]", verifying the
correlation between the two different processes. The shorter lifetimes obtained from absorption at
380 nm can be attributed to the decay processes of [Ir]". Based on these TAS experiments, we
propose that the proton reduction catalytic cycle is initiated by the reductive quenching of [Ir] by

TEA after photoexcitation, followed by electron transfer from [Ir] to 2.
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Figure 3. Transient absorption spectra upon 355 nm pulsed irradiation of (a) 0.10 mM of [Ir], (b)
0.10 mM of [Ir] with 0.10 M of TEA, and (c) 0.10 mM of [Ir] with 0.10 M of TEA and 40 uM of
2. (d) A comparison of the spectra at 90 ps of the three samples with different compositions. In
parts (a) — (c), the O us spectra correspond to the changes right after illumination, within the time

resolution of the spectrometer.

To verify that 2 can be reduced by [Ir]” during the H> evolution cycle, we attempted to

independently synthesize some of the possible intermediates of 2 during catalysis. We added one

t33

equivalent of magnesium anthracene as a one-electron chemical reductant’™ under anhydrous
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conditions at room temperature to 2, and characterized the one-electron reduced product, 2-, by
NMR, EPR and steady-state UV-visible spectroscopy. Further reduction is not expected since
magnesium anthracene does not have sufficient potential to effect the second reduction of 2. The
"H NMR spectrum of the crude reaction mixture containing 2~ did not exhibit any signals from 2
itself or dissociated ligand, although anthracene was detected (Figure S14a SI). Even when the
experiment was performed with a broader chemical shift range between -10 to 190 ppm,
paramagnetically shifted or broadened signals were not observed (Figure S14b, SI), suggesting
that 2~ is probably paramagnetic.

To complement this data, solid-state EPR spectroscopic measurements were performed to
determine if the unpaired electron on 2~ was metal- or ligand-centered. The EPR spectrum exhibits
axial symmetry with gi=2.0678 and g .= 2.0081 with no hyperfine splitting at room temperature
(Figure 4a), indicating that 2~ likely contains an organic radical with the unpaired electron residing
predominantly on the ligand, since these features are inconsistent with typical Ni(I) complexes that
have g values of 2.12 to 2.15 and much larger anisotropies.>* These g values also match those from
structurally similar complexes such as [Ni(saloph)]” (saloph = N,N’-disalicylidene-o-
phenylenediaminate), which was reported to arise from a ligand-centered reduction.’* The EPR
spectrum of sodium anthracenide only, as depicted in Figure 4b, displays an isotropic signal with
g = 2.0023 as expected. Although we cannot fully rule out the presence of small amounts of
anthracenide radical anion in the EPR sample for 27, we had thoroughly rinsed the sample and do
not anticipate much remaining. Furthermore, given the high sensitivity of EPR spectroscopy, we
believe that the EPR signals in Figure 4a can be mostly attributed to the radical anion localized on
the ligand, though we cannot completely exclude the presence of some Ni-centered spin density

due to the covalency of the Ni-ligand interactions. We were not able to structurally characterize 2~
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despite multiple attempts to recrystallize it and thus, we cannot definitively conclude that 2~ is a
mononuclear Ni complex. However, we believe that the evidence based on the kinetics of 2~ for
H:> evolution catalysis, the converged structure of 2~ in the DFT calculations below, and the EPR
spectra are not consistent with a dimer formed from radical coupling of two ligands each

supporting Ni'', which should be diamagnetic.

320 340 360 380 320 330 340
BImT BimT

Figure 4. EPR spectra of (a) 2™ collected with a microwave frequency of 9850 Mhz and (b) sodium

anthracenide collected with a microwave frequency of 9200 MHz.

DFT calculations with geometry optimization in MeOH as the solvent were also performed by
using the M06 functional. Notably, the singly occupied molecular orbital (SOMO) of 2~ appeared
to be predominantly localized on the ligand (Figure S2b, SI). A natural population analysis on 2~
also demonstrated that the spin density population is almost zero on the Ni center, concurring with

our proposal above that the unpaired electron after reduction was predominantly delocalized on
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the ligand. Overall, both the experimental and computational data support a ligand-centered
reduction of 2. This is consistent with recent results that demonstrate the importance of redox non-
innocent ligands in facilitating charge transfer during H> evolution reactions.'% 33

With the 2 accessed by chemical reduction in hand, we sought to compare and match its
photophysical properties with those from the time-resolved measurements. Based on the TAS data
at 90 ps, a long-lived intermediate had formed in the reaction mixture containing [Ir], TEA, and 2
(blue line, Figure 3d). In addition, the steady-state UV-visible spectra of 2 and 2~ are illustrated in
Figure 5a. By using the steady-state spectra of 2~ (red line, Figure 5a) and 2 (black line, Figure
5a), we can obtain the difference spectrum (red line, Figure 5b) and compare it with the TAS data
at 90 ps, reproduced again from Figure 3d (black line). Interestingly, we observe spectral
absorption signatures at 413 nm, 540 nm, and 580-700 nm for the steady-state data, similar to the
90 us spectrum from the TAS measurements, as displayed in Figure 5b. In addition, we conducted
HER experiments with 2~ and observed that the catalysis was first order (Figure S15, SI) with
respect to its concentration. The TON obtained with 2 uM of 2-after 6 h (entry 14, Table S7, SI)
was also similar to the TON for the HER reactions with 2, which suggested that 2 was indeed an
active intermediate in the catalytic cycle. Consequently, we believe that the optical spectroscopic

and kinetic measurements concur with a model where [Ir]* is reductively quenched by TEA, which

in turn then reduces 2 to 2™ in the first step of the photocatalytic H> evolution cycle.
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Figure 5. (a) The steady-state absorption spectra of 2 (black) and 2~ (red) in tetrahydrofuran
(THF). (b) Difference in steady-state spectra by subtracting 2 from 2~ (red) in comparison to the
TAS data at 90 ps of the mixture containing [Ir], TEA, and 2 (black), the latter of which has been

reproduced from Figure 2d.

In order to explore the effects of removing hydrogen bonding interactions with H>O while still
preventing the oligomerization that is notorious among Ni salicylaldimine complexes, the ether
arms were replaced with fert-butyl groups to give 3 (Scheme 2). Complex 3 was then evaluated as
a Hz evolution catalyst under the same optimized conditions as above with [Ir], TEA, and methanol
with 5% H>O under visible light irradiation. Remarkably, no H> was detected by GC, underscoring
the essential function of the second coordination sphere ether arm in 2 (entry 16, Table S7, SI).
The CVs in THF illustrate a cathodic shift of the first reduction potential in 3 at -2.07 V, as
compared to a potential of -1.85 V in 2 (Figure 6). Thus, both the cathodically shifted redox
potential and the lack of ether groups to hydrogen bond with H,O molecules may contribute to the

catalytic inactivity of 3.
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Scheme 2. Synthetic Steps for the Ter-Butyl Substituted 3.
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Figure 6. CV of 1.0 mM of 2 (red) and 3 (blue) in 0.10 M n-BusNPFs in THF with a glassy carbon
electrode (3 mm diameter) at a scan rate of 100 mV s*. The CV of just the 0.10 M n-BusNPFg

electrolyte solution in THF is the black line, confirming that THF is stable down to -3.0 V vs.

Fc*/Fc.
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To elucidate the resting state of the 2 in the photocatalytic reaction, steady-state UV-visible
spectroscopy was used to monitor the reaction over time. In the first 10 min of the reaction, the
characteristic absorption of 2 at 380 nm decreases, while the weak absorption band from 580 —
700 nm, which is characteristic of the 27, increases (Figure S16, SI). These changes become more
prominent after 20 min of irradiation. A separate experiment was also carried out, starting with 2~
instead of 2, which showed a gradual recovery of the absorption band at 380 nm (Figure S16, SI).
The spectra obtained in both conditions suggest that 2~ is a likely resting state of 2 during the
catalytic cycle under irradiation by visible light. With this in mind, further DFT calculations were
carried out to map out a plausible reaction pathway and verify the impact of the pendant ether arms
on the H; evolution by 2.

DEFT calculations were performed by using the M06 functional and the Def2-SVP basis set within
the Gaussian 09 software. This combination of functional and basis set was found to provide a
reasonable agreement with the experimentally observed physical parameters such as the
experimental bond distances and angles of 2, and also gave a reasonable calculated H> evolution
route (Figure 7). Neutral H20O, which could have been a potential proton donor in this reaction,
was first considered for the DFT calculations. However, the calculation showed that H>O was not
capable of functioning as a proton donor since the O-H bond did not break with a reasonable barrier
during the calculation. Instead, H3O" ions were found to provide a reasonable mechanism. To
examine if an increase in pH could be another contributing reason for the decline in activity over
prolonged irradiation because the concentration of H3O" ions would decrease over the course of
the HER, we conducted experiments using a solution containing higher concentrations of TEA and
introduced acetic acid as a buffer to around pH of 9.9. We observed that although the amount of

Ha evolved from the buffered solution was initially higher (Figure S17, SI), the H> production still
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leveled off after 4 h of irradiation, similar to our original unbuffered solutions. The pH of the
buffered solution before and after irradiation was also recorded, confirming that there was no
significant variation in the pH when H» evolution had ceased. Therefore, we believe that the
deactivation of 2 described above is still the main reason that the H> evolution halts in our

photocatalytic system and not because of the depletion of H3O " ions over the course of the reaction.

We propose that 2 first undergoes an endothermic one-electron reduction by [Ir]™ to form 2~ (Int
1), with the unpaired electron delocalized on the ligand with little Ni contribution. Subsequently,
Int 1 is protonated at one of the phenolic O atoms in an exergonic step (-38.3 kcal/mol) likely due
to its largest spin density in the calculated highest occupied molecular orbital (HOMO). In the
following step, a proton transfer from the phenolic O atom to Ni occurs to form Int 3, mediated
by H>0 as a proton shuttle with a kinetic barrier of 33.6 kcal/mol.>® Int 3 is then reduced by [Ir]
to give Int 4, and the Ni" hydride is readily protonated to release a molecule of H» and regenerate

2 in a highly exergonic process (-84.7 kcal/mol).
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Figure 7. Proposed pathway for H> evolution catalyzed by 2 based on DFT calculations of the
energy levels of Ni-containing intermediates during the catalytic cycle. The thermodynamics in
this cycle were obtained by including TEA as the sacrificial electron donor, whereas [Ir] (blue

parts of the cycle) was not included in the DFT calculations since it served only as a photocatalyst.
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In addition, we also specifically probed the role of H>O when it is cradled within the ether arms of
2. The calculations show that H> evolution can only occur if a Ni hydride (Int 4) is formed, and
the formation of the hydride Int 3 required the presence of a H>O molecule near Ni to act as a
proton shuttle from the phenolic O atom. Without this crucial Ni-H formation step, the second
approach of H3O" only results in further protonation of another phenolic O atom, after which there
is no energetically accessible route for H> formation (Figure 8). The encapsulation of water
molecules by supramolecular systems such as benzo crown ethers and rotaxanes have been
previously reported to influence the pK, and catalytic activity of the water,’’ lending support to
our proposal that H3;O" trapping by the ether arms of 2 played a vital role in our photocatalytic
system. As such, the DFT calculations highlight the importance of the second coordination sphere
ether functionality in hydrogen bonding to H>O as a proton shuttle to facilitate H> evolution. The

full proposed mechanism is illustrated in Figure 7.

Figure 8. DFT calculations showing the double protonation on the ligand, which does not result

in H» evolution.
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Conclusion

In summary, we have shown that 2 can operate as an efficient homogeneous catalyst for Ha
evolution with TONs up to 3880, which is among the best for molecular Ni complexes in molecular
photocatalytic systems with neutral water as the proton source. Both steady-state and time-resolved
optical spectroscopy combined with EPR spectroscopy provided insights into the initial elementary
steps of the photocatalytic cycle involving a ligand-centered reduced intermediate. Moreover,
DFT calculations supported a model where the second-sphere ether arms cradle H,O as a proton
shuttle in close proximity to the Ni center and promotes a vital proton transfer between the phenolic
O atom and the metal center. Our detailed spectroscopic and computational studies have allowed
us to extract critical insights into a catalytic cycle that could be a potential solution for the storage
and utilization of renewable energy. In addition, these results present a starting point for future
developments of a broad class of H» evolution catalysts that employ alternative proton shuttles
than amines in the second coordination sphere in artificial photosynthetic constructs driven by

visible light in aqueous solutions.

Experimental Section

Materials and Methods Deuterated solvents were purchased from Cambridge Isotope
Laboratories. Chemicals were obtained from Sigma-Aldrich, Alfa-Aesar, and Tokyo Chemical
Industry Co., Ltd. (TCI). Unless otherwise noted, the commercial reagents were used as purchased.
Compound Ir'"(ppy)2(dtbbpy) (ppy = 2-phenylpyridine; dtbbpy = 4,4 -di-tert-butyl-2,2’-
bipyridine) was synthesized according to a previously published procedure.®® The H and **C

spectra were recorded at room temperature on Bruker AVANCE 400 MHz and Bruker AV-300
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(300 MHz) NMR spectrometers. The *H and 3C chemical shifts (5 reported in ppm) are referenced
to the residual solvent signal(s). UV-visible spectroscopic measurements were performed using a
Shimadzu UV-3600 UV-Vis-NIR spectrophotometer. Elemental analyses were performed with an
Elementar vario MICRO cube analyser. High-resolution mass spectra (HR-MS) were obtained
with a Q-TOF Premier LC HR mass spectrometer.

Cyclic Voltammetry The controlled-potential coulometric experiments were performed using a
Biologic SP-300 potentiostat. A three-electrode electrochemical cell was used with a glassy carbon

working electrode (3 mm in diameter from BASi®), a Pt wire counter electrode, and another Pt
wire as a pseudoreference electrode. Ferrocene (2 equiv. of catalyst, Egc+ ke —10.64 Vs, NHE)*

was added as the internal standard in anhydrous ACN. Before each experiment, the working
electrode (glassy carbon) was polished using a 0.05 pm alumina suspension on a polishing pad,
followed by sonication in deionized (DI) water for 10 min, and dried in air. The saturated Ar
solutions were prepared by bubbling Ar through the solvents for 30 min.

Scan Rate Dependence Study In an electrochemical cell, 1.0 mM of 2 was dissolved in 0.10 M
n-BusNPFs in ACN (5 mL). CV measurements were collected at various scan rates ranging from
100 mV s to 1000 mV s

Photocatalytic H> Evolution Experiment The specific conditions, such as the reagent
concentrations and reaction time intervals, have been summarized in Table S1. Typically, [Ir], 2,
and TEA (0.10 M) in 5.0 mL MeOH (5% H>O) were added to a 27 mL Schlenk tube together with
a stir bar. The solution was deoxygenated by bubbling with Ar for 20 min after the Schlenk tube
was sealed with a septum. The absence of O; in the Schlenk tube was verified by a GC (Agilent
7890A gas-chromatograph with a thermal conductivity detector, a 5 A 2 mm X 5 m molecular

sieve column, and Ar as the carrier gas) before irradiation. The tube was irradiated by visible light
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supplied by a 300 W xenon lamp with a 420 nm-cutoff UV light filter. After the time intervals
shown in Table S1, a gas sample (0.50 mL) was taken from the headspace of the Schlenk tube and
analyzed by GC to determine the amount of generated H».

Preparation of TEA/acetic Acid Buffer A buffer solution for the photocatalytic reaction was
prepared by adding 0.10 mL of acetic acid, 20.0 mL of TEA, and 2.50 mL of DI water to 50.0 mL
of methanol.

Transient Absorption Measurements The transient absorption and emission measurements were
performed using an Edinburgh Instruments LP920 transient absorption spectrometer equipped
with a pulsed Xe probe lamp in conjunction with a Nd:YAG laser (Continuum Surelite II-10) as
the excitation source. The laser pulse width is 5-8 ns and the repetition rate is 10 Hz. During
transient absorption measurements, the pulses are synchronized with the LP920 system at a

frequency of 1 Hz. The pulse energy used was between 6-23 mJ/pulse.

The data were fit to single exponential or biexponential functions to obtain the time constants for
the nanosecond transient optical spectroscopic signals according to the following equation:
y =Yo + Age” ("™

The parameters yo, 70, 4, and 7, were determined by a least-squares fitting procedure in Origin.
The term yo corresponds to the vertical intercept at long lifetimes where the signal decays to a
‘permanent’ absorption (positive yy) or bleach (negative yo). The variable 7y is the delay time of
the excitation pulse from the start of the probe measurement during each photoexcitation cycle. 4,
is the change in optical density after irradiation and 7; is the corresponding time constant.
Stern-Volmer Plot for the Quenching of [Ir(ppy)2(dtbbpy!™* by Triethylamine As the

concentration of TEA increases, the lifetime 7 of the signal owing to [Ir]™* decreases. The
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bimolecular quenching rate constant, kg, is related to the lifetime, 7 of [Ir]™* in the presence of
TEA with a concentration of [(Q] by the Stern-Volmer equation:

2 = 1+ kgnol0]
where 7 is the lifetime of [Ir]"* in the absence of TEA
The bimolecular rate constant, kg, of the of [Ir]™* by TEA can be obtained by plotting a graph of
7o/ Tagainst [Q] with a fixed vertical intercept of 1. The gradient (k, 7) was determined to be 2.22
+ 0.07 M and 7, was determined to be 3.90 + 0.20 ps. This gives a rate constant, kg, of 5.66 x
108 M1 571,
Stern-Volmer Plot for the Quenching of [Ir(ppy)z(dtbbpy)]** by 2 As the concentration of 2
increases, the lifetime 7 of the signal owing to [Ir]™* decreases. The quenching rate constant, kg,
is related to the lifetime, 7, of [Ir]™ in the presence of 2 with a concentration of [Q] by the Stern-
Volmer equation:

2 = 1+ kgt [C]
where 7, is the lifetime of [Ir]™* in the absence of 2 and can be obtained by plotting a graph of
7o/ 7 against [Q] with a fixed vertical intercept of 1. This gives a rate constant, kg, of 3.56 x 10°
Y
TON calculation The TON and TOF number of H> generated from the photocatalytic experiments

were calculated by the following equations:

TON = ny, /ncar (mol Hz per mol catalyst)
In the equation, ny, is the number of moles of H> generated, and nca is the number of moles of

catalyst used in the experiment.
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DFT calculation All calculations were performed with the Gaussian 09 (Rev. E.01) program.*
Geometry optimization was conducted by using the M06 functional.** The Def2-SVP basis set was
employed for all atoms.*? The vibrational analysis and thermodynamic information at 298.15 K
were calculated with the keyword Freq in Gaussian. The PCM solvent model was used in the
geometry optimizations for all calculations.

EPR Measurements The X-band EPR spectra were recorded on either a JEOL FAZ200
spectrometer or a Bruker ELEXSYS spectrometer. The EPR spectra were obtained at room
temperature with the microwave frequency from 9200 to 9850 MHz. The spectrum for 2 was
obtained in the solid-state EPR at room temperature. The microwave frequency modulation
amplitude was 0.006, time constant was 0.08192, power used was 2 uW, and microwave frequency
was at 9850 MHz. The EPR spectrum for sodium anthracenide was obtained as a solution in diethyl
ether at room temperature. The microwave frequency was at 9200 MHz.

Preparation of Solid-State Sample for EPR Measurement The magnesium anthracene-THF
complex (151 mg, 0.360 mmol) was added to 2 (200 mg, 0.360 mmol) in anhydrous THF and
stirred at room temperature for 12 h. The solvent was removed under vacuum to obtain a dark
green powder. The dark green residue was then washed with diethyl ether followed by pentane.

The resulting solid was transferred to a J. Young EPR tube for the EPR experiment.
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X-ray crystallographic data of 2 is deposited under CCDC 1849083 (CIF).
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A molecular Ni catalyst, comprising earth-abundant elements, for H> evolution from aqueous
solutions driven by visible light is reported. Under optimized conditions, we observe a turnover
number of up to 3880. Through nanosecond transient absorption, electron paramagnetic resonance,
and UV-visible spectroscopic measurements, supported by density functional theory calculations,
we demonstrate the involvement of ligand redox noninnocence and an ether-based, second

coordination sphere, proton relay during the catalysis.
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