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4 ABSTRACT: A cyclometalated Ir(III) diimine complex [Ir-
5 (NBI)2(phen)]PF6, NBI = 1,8-naphthalenebenzimidizole and
6 phen = 1,10-phenanthroline, exhibits excellent photostability as a
7 sensitizer in a three-component homogeneous aqueous photo-
8 catalytic hydrogen producing system. Here, [Co(dmgH)2(py)Cl]
9 serves as the hydrogen evolving catalyst, and N,N-dimethyl-p-
10 toluidine (DMT) serves as a sacrificial single electron donor. The
11 [Ir(NBI)2(phen)]PF6 photosensitizer remained active over the
12 course of 90 h of visible-light-induced (λex = 452 nm, 540 mW) H2
13 production photocatalysis, yielding a turnover number (H2/
14 photosensitizer) of 575 occurring near neutral pH conditions. The proton source was verified as being derived from aqueous
15 protons by detecting the headspace gas composition through mass spectrometry in experiments using deuterated water. Mercury
16 metal was used as a selective poisoning test, intended to sequester any metal-based nanomaterial(s) produced in side reactions and
17 provide evidence that the current photocatalytic system was indeed operating in a purely homogeneous manner. Stern−Volmer
18 analyses revealed that reductive quenching by DMT was the dominant (reductive) quenching pathway immediately following light
19 activation in the photocatalytic cycle. The electron-transfer cage escape efficiency for this reaction was measured to be 78%, likely
20 attributable to the significant triplet ligand-centered (3LC) character of the lowest excited-state manifold. This enables the majority
21 of the charged-separated species to enter the subsequent catalytic cycle, thereby enhancing H2 production. In the presence of the
22 [Co(dmgH)2(py)Cl] hydrogen evolution catalyst, the one electron reduced species of the ground-state Ir(III) complex transfers an
23 electron to this catalyst with a rate constant of 2.5 × 109 M−1 s−1, producing a Co(II) intermediate while regenerating the resting
24 state of the photosensitizer. The combined experimental results suggest numerous benefits in homogeneous photocatalysis become
25 realized when 3LC excited states become involved in excited-state electron-transfer chemistry and can likely be leveraged in future
26 photocatalytic schemes.

27 KEYWORDS: solar fuels, photocatalysis, hydrogen production, electron transfer, iridium(III) photosensitizer,
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29 ■ INTRODUCTION

30 Sunlight is considered to be a renewable and environmentally
31 friendly energy source poised to photoactivate numerous
32 chemical transformations. With a high specific enthalpy of
33 combustion and low mass, hydrogen (H2) represents an
34 energy-dense fuel. Thus, the conversion of solar photons into
35 hydrogen fuel derived from water by using artificial photosyn-
36 thesis provides an environmentally clean and renewable
37 strategy to help meet growing global energy demands. In
38 practice, this is accomplished by using a photosensitizer (PS)
39 to harvest sunlight which converts that photon energy into
40 redox equivalents that can appropriately couple with a water
41 reduction catalyst (WRC) to complete the reduction half-
42 reaction of water splitting in aqueous solution, 2H+(aq) + 2e−

43 → H2(g).
44 In an effort to develop efficient visible-light-driven H2

45 generating photosystems, both homogeneous and heteroge-
46 neous catalytic schemes have been designed and investigated.1

47Heterogeneous hydrogen evolving precious metal catalysts
48such as colloidal platinum suffer from competition reactions
49including hydrogenation and recombination of hydrogen and
50oxygen2 as well as difficulties in characterization. In contrast,
51homogeneous catalysts, including molecular complexes con-
52taining rhodium,3 iron,4 and cobalt,1 use soluble molecular
53components, which provides a platform in which to glean
54mechanistic insight. While great progress has been made in the
55development of relatively efficient homogeneous catalysts for
56hydrogen generation, expanding the library of robust, stable,
57and highly visible absorbing PSs still remains a challenging
58scientific problem. Various transition metal complexes
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59 featuring metal-to-ligand charge-transfer (MLCT) excited
60 states based on Ru(II),5 Ir(III),6,7 Re(I),8 and Cu(I)9

61 complexes have been intensively investigated for solar H2
62 generation. However, these PSs are largely limited by their
63 inherent photostability. For example, Ru(II) MLCT complexes
64 generally suffer from dissociative ligand field metal-centered
65 (MC) excited states that ultimately limit the photostability of
66 the PS. Cu(I) MLCT PSs are undermined by pseudo-Jahn−
67 Teller distortions in their excited states which limits their
68 stability and markedly reduces the energy stored in the MLCT
69 excited state.10−12 Iridium(III) cyclometalated complexes have
70 emerged as attractive candidates as photosensitizers and have
71 made tremendous contributions to photocatalytic hydrogen
72 production. With their 5d valence shell, iridium(III) complexes
73 possess a substantial ligand field stabilization energy compared
74 with the corresponding first and second row transition metals.
75 In cyclometalated Ir(III) complexes, this stabilization is further
76 enhanced through the coordination of the cyclometalating
77 ligands due to strong σ-donation of the metal-bonded carbon
78 atoms which increases the electron density on the metal center,
79 thereby destabilizing the eg orbitals to a large extent.
80 Consequently, the lowest energy triplet state is often a
81

3MLCT or a triplet ligand centered (3LC) state instead of
82 being a dissociative 3MC state, thus alleviating all possible
83 thermal deactivation pathways of the excited state.13,14 Because
84 of these photophysical properties, Ir(III) cyclometalated
85 complexes have emerged as essential visible-light harvesting
86 photosensitizers for solar hydrogen production.
87 Early research into this topic was initially investigated by the
88 Bernhard group, who illustrated the potential of bis-cyclo-
89 metalated iridium(III) complexes featuring the architecture
90 [Ir(C^N)2(N^N)]

+ (C^N = cyclometalating ligand, N^N =
91 diimine ligand). Bernhard and co-workers employed a
92 combinatorial approach to synthesize a library of 32 bis-
93 cyclometalated iridium complexes, of which six were chosen
94 for H2 evolution studies in the Ir(III)/[Co(bpy)3]

2+/
95 triethanolamine (TEOA) three-component system due to
96 their long excited-state lifetimes and reasonable molar
97 absorption coefficients.6,7 The improvement in performance
98 stemmed from the highly negative excited-state oxidation
99 potentials realized in Ir(III) PSs, which led to efficient electron
100 transfer to the WRC. However, these systems were largely
101 limited by the degradation of the [Co(bpy)3]

2+ catalyst. To
102 circumvent this shortcoming, Bernhard and co-workers utilized
103 two other highly active proton reduction catalysts, colloid
104 platinum and palladium nanoparticles, that can undergo 2e−

105 chemistry.15−17 These heterogeneous systems enabled mech-
106 anistic studies to provide insight into the possible degradation
107 pathways of the entire catalytic system.18 For example, the
108 previously mentioned Ir(III) PSs suffered from poor stability
109 because of the dissociation of the bipyridyl ligand from the
110 reduced PS due to the population of antibonding orbitals.19

111 The open coordination sites on the Ir(III) complexes were
112 then occupied by solvents such as acetonitrile, yielding
113 ineffective photosensitizers.20

114 To enhance the performance of the Ir(III) PSs in
115 photocatalytic H2-generation systems, the relationship between
116 the structure and activity of the PSs must also be explored.
117 There have been numerous studies that modify the ligand
118 substituents by modulating steric effects to enhance the
119 photostability of the Ir(III) PSs. For example, the Curtin group
120 synthesized and tested a series of [Ir(C^N)2(N^N)]

+ PSs in
121 combination with a robust colloidal Pd catalyst in a three-

122component system.21 Their results suggested the addition of
123bulky substituents to the diimine and/or cyclometalating
124ligand likely shields the Ir(III) center from coordinating
125solvents, preventing ligand substitution and thereby enhancing
126sensitizer stability. In addition, the Park group also prepared a
127series of [Ir(C^N)2(N^N)]

+ PSs with bulky triphenylsilyl
128(TPS) groups to minimize the accessibility of the Ir(III) center
129to the solvent, thus hindering undesired photodecomposition
130side reactions in these Ir(III) PSs.22

131It is well established that the diimine ligand in the
132[Ir(C^N)2(N^N)]

+ architecture represents one likely source
133of photodegradation; this ligand becomes susceptible to
134dissociation following charge transfer.23 The Ir−N bond(s)
135can be labilized during photocatalysis, resulting in dissociation
136of the diimine ligand from the sensitizer and ultimately
137decomposition of the reduced PS.24 To circumvent this
138limitation, the Bernhard group investigated a more rigid and
139substitutionally inert Ir(III) architecture, bis-tridentate [Ir-
140(C^N^N)2]

+, for photocatalytic H2 production. The bis-
141tridentate [Ir(C^N^N)2]

+ architecture mimics the two carbon
142and four nitrogen coordination environment of [Ir-
143(C^N)2(N^N)]

+ while positioning the LUMO on more stable
144tridentate ligands. The bis-tridentate complex [Ir(phbpy)2]

+,
145where phbpy = 6-phenyl-2,20-bipyridine, exhibited much
146higher activity and stability than the commonly used
147[Ir(ppy)2(bpy)]

+ PS.19 The improved stability of [Ir-
148(C^N^N)2]

+ PSs was ascribed to the tridentate ligand
149architecture that minimizes ligand dissociation. The develop-
150ment of neutral tris-cyclometalated Ir(III) PSs (i.e., [Ir-
151(thpy)2(bt)], where thpy = 2,2′-thienylpyridine and bt =2-
152phenylbenzothiazole and its derivatives) demonstrated that the
153replacement of the more labile Ir−N bond with an Ir−C σ
154bond in these neutral Ir(III) PSs is also an effective strategy for
155preparing photochemically stable Ir(III) PSs.25 Along these
156lines, the Zou group reported two neutral Ir(III) PSs featuring
157predominant excited-state oxidative quenching;26 these photo-
158catalytic systems achieved long-term photostability under
159constant illumination over 72 h with a total TON of 1880.
160Although significant progress has been made in the design of
161highly effective and photostable Ir(III) PSs, the effect of the
162relative contributions of the lowest contributing triplet excited
163states on photocatalytic H2 production has not been
164investigated. Because the lowest energy triplet state in Ir(III)
165MLCT complexes is best described as an admixture of 3MLCT
166d → π* and 3LC π → π* states,27 the relative contributions of
167these two states to the lowest triplet excited state can be tuned
168through deliberately adjusting the energy of metal and ligand-
169based orbitals.28,29 For molecules where both cyclometalating
170and diimine ligands participate in the excited-state config-
171urations, the cyclometalating ligand tends to be associated with
1723LC state and the diimine ligand with the 3MLCT state.30,31

173For example, in the [Ir(ppy)2(bpy)]+ complex, where ppy = 2-
174phenylpyridine and bpy = 2,2′-bipyridine, the LUMO is
175localized exclusively on the bpy ligand. Therefore, the addition
176of electron-donating groups on the bpy ligand destabilizes the
177LUMO whereas electron-withdrawing groups serve to stabilize
178it. On the ppy ligand, electron-donating groups increase the
179energy of the C^N π orbitals that destabilize the HOMO levels
180whereas electron-withdrawing groups lower the energy of the
181HOMO levels by removing electron density from the
182metal.7,32,33 When the stabilization of the HOMO through
183adjusting the cyclometalating ligand is sufficient enough to
184lower the C^N π* energy below the N^N π* levels, the 3LC
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185 state becomes lowered in energy, greatly increasing its
186 contribution to the overall triplet excited-state character.34 In
187 this instance, both MLCT and LC transitions become
188 associated with the cyclometalating ligand while the
189 “spectator” diimine ligand plays a more passive role in
190 determining the nature of the lowest excited state.27 As such,
191 labile diimine ligands such as 2,2′-bipyridine and 1,10-
192 phenanthroline become sparingly involved in lowest excited
193 state, whereas the more stable C^N ligands participate into
194 both the lowest 3MLCT and 3LC states, enabling enhanced
195 stabilization of the resultant photoactive species.
196 Herein we propose a distinct Ir(III) PS for solar H2
197 production, [Ir(NBI)2(phen)]PF6 (NBI = 1,8-naphthalene-
198 benzimidizole and phen = 1,10-phenanthroline), whose lowest
199 energy excited state contains significant 3LC character from the
200 visible light harvesting NBI ligand which results in high
201 quantum yield charge separation (cage escape efficiency)
202 following reductive quenching, enabling this species to enter
203 the hydrogen evolving catalytic cycle, thereby enhancing H2
204 production. Triplet radical ion pairs have been known to
205 feature a higher cage escape efficiency with respect to singlet
206 radical ion pairs.35,36 With less d-orbital contribution from the
207 Ir(III) metal center (i.e., MLCT character), the excited state
208 features less spin−orbit coupling when compared to their
209

3MLCT state analogues, resulting in radical ion pairs that
210 possess more triplet character and therefore slower anticipated
211 back electron transfer. Electrochemical studies indicate the first
212 one-electron reduction is localized on the NBI ligand. The
213 preferential reduction of the NBI ligand likely contributes to
214 the enhanced photostability of this Ir(III) PS. A vast number
215 of PS performance metrics have been evaluated by using the
216 Co(III) diglyoxime WRCs whose mechanism of hydrogen
217 evolution has already been clearly elucidated,37−40 and the
218 related electron-transfer process has been successfully observed
219 by time-resolved spectroscopic techniques in the previous
220 work.5 Therefore, the Co(dmgH)2(py)Cl (dmgH = dimethyl-
221 glyoximate, py = pyridine) was chosen to establish proof-of-
222 concept in this study. N,N-Dimethyl-p-toluidine (DMT) was
223 selected as the sacrificial electron donor (SED) since the
224 product of DMT with its associated radical cation DMT•+

225 produces a stable neutral dimer N,N,N′,N′-tetramethyl-α,α′,bi-
226 p-toluidine (TMBT).41 This dimer product possesses an
227 almost identical redox potential to DMT; the use of DMT
228 circumvents all potentially destructive high-energy radical
229 chemistry associated with either the PS or the WRC.
230 Additionally, previous work utilizing the same WRC and
231 SED in a photocatalytic system has established that the related
232 electron-transfer mechanism can be successfully monitored
233 using transient spectroscopic techniques.5 The chemical
234 structures of the molecules used in the current homogeneous

c1 235 photocatalytic study are presented in Chart 1.

236 ■ EXPERIMENTAL SECTION
237 General Procedures. Unless otherwise mentioned, all commer-
238 cially available reagents were used as purchased, without purification.
239 Water was deionized by using a Barnstead nanopure system (∼18
240 MΩ·cm).
241 Synthesis. [Ir(NBI)2(phen)]PF6 was previously reported from
242 our laboratory and structurally characterized by 1H and 13C NMR
243 spectroscopy as well as HR-MS.42

244 Static Spectroscopic Measurements. All samples were bubble-
245 degassed with argon gas for at least 40 min before spectroscopic
246 experiments, measured in 1 cm2 quartz cuvettes in HPLC-grade
247 acetonitrile and water (2:1) unless otherwise indicated. Electronic

248absorption spectra were measured on a Cary 60 or an Agilent 8453
249diode array spectrophotometer. Photoluminescence spectra were
250collected by using an Edinburgh FS 920 fluorometer equipped with a
251450 W Xe lamp as the excitation source, and samples were excited
252into the lowest energy absorption feature in the visible region. The
253FS-920 has a Peltier cooled, red-sensitive PMT detector (R2658P,
254Hamamatsu). All emission spectra were corrected for detector
255response unless otherwise indicated. The optical density of the
256samples at the excitation wavelength (452 nm) was maintained
257between 0.1 and 0.2. Dynamic Stern−Volmer quenching experiments
258were executed on an Edinburgh Instruments Mini-Tau spectrometer
259(time-correlated single photon counting, TCSPC) using a 405 nm
260picosecond laser diode as the excitation source. The emission
261generated in this spectrometer was filtered using a band-pass filter 600
262± 45 nm prior to reaching the detector. The recorded TCSPC decays
263were adequately fit by using a single-exponential function in Igor Pro
2647.08.
265Nanosecond Transient Absorption Spectroscopy. Nano-
266second transient absorption difference spectra were acquired by an
267Edinburgh Instruments LP 920 laser flash photolysis system equipped
268with a pulsed 450 W Xe arc lamp and an iStar iCCD Camera (Andor)
269serving as the detector at the exit port of a spectrograph. The laser
270excitation pump source was provided by a Vibrant LD 355 II ND:
271YAG/OPO system from OPOTEK. The differential transient
272absorption spectra were recorded in deaerated 2:1 ACN:H2O
273following pulsed nanosecond laser excitation (λex = 452 nm, 2 mJ/
274pulse, 5−7 fwhm). The optical density each sample was 0.3−0.5 at the
275excitation wavelength. Single wavelength kinetic traces were measured
276by using a monochromator and PMT detector (R928 Hamamatsu),
277with data acquisition controlled by the Edinburgh Instruments LP 900
278software. The recorded single wavelength kinetic decays were
279adequately modeled by using a single-exponential function in Igor
280Pro 7.08 software.
281Photocatalytic Experiments.9,43 Hydrogen generation experi-
282ments were performed in a parallel high-throughput photochemical
283screening 16-photoreactor apparatus enabling both kinetic evaluation
284and the quantification of gases produced during these photocatalytic
285reactions. Deaerated 10 mL samples in 20 mL airtight EPA vials
286(Fisher Scientific) were irradiated from the bottom by 540 mW royal-
287blue LEDs (Philips, Luxeon Rebel Series) with a λex = 452 ± 10 nm
288mounted on a starboard (LXMS-PR01-0425-CT). The headspaces of
289the vials were degassed by using a series of pressurizing cycles of
290vacuum/argon followed by equilibrating to atmospheric pressure. The
291photocatalytic experiments were performed at a constant rotation
292speed of 150 rpm controlled by an orbital shaker (IKA, KS 260 basic),
293and the temperature was controlled at 17 °C by aluminum blocks
294cooled with a circulating water chiller. During the course of hydrogen
295evolution, the pressure of headspace was monitored in real time by
296using a multifunction data acquisition box (National Instruments, NI-
297USB-6210) and pressure transducers (SSI Technologies, P51 pressure
298sensors) through Teflon spacers. Each vial was connected to a
299universal gas analyzer (Standford Research Systems, UGA-hydrogen)
300through capillary tubes. The data were recorded by using LabVIEW

Chart 1. Molecular Structures of [Ir(NBI)2(Phen)]PF6,
[Co(dmgH)2 PyCl], and DMT
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301 SignalExpress 2011 Software. Argon was used as an internal standard
302 to acquire the percent of H2 produced relative to Ar by a MS. The MS
303 data were calibrated against a certified Ar/H2 standard (Praxair).
304 Once the photocatalysis was completed, the headspace of the vial was
305 equilibrated to atmosphere, and the percentage of H2 relative to Ar
306 was analyzed.
307 Electrochemistry and UV−Vis Spectroelectrochemistry. Electro-
308 chemical experiments were performed inside an inert atmosphere
309 glovebox (MBraun 200B) using a three-electrode arrangement,
310 featuring a platinum disc working electrode, Ag/AgNO3 reference
311 electrode, and a platinum wire counter electrode. 0.1 M TBAPF6 was
312 used as the supporting electrolyte in acetonitrile solvent. The
313 potentials are reported vs the Fc+/0 redox couple, which was added
314 as an internal standard in all electrochemical experiments.
315 Spectroelectrochemical experiments were performed inside an inert
316 atmosphere glovebox (MBraun 200B) using acetonitrile as solvent
317 and 0.1 M TBAPF6 as the supporting electrolyte. A Pine Instruments
318 honeycomb electrode was used as the working and counter electrode
319 with an Ag/AgNO3 reference electrode. The measurements were
320 acquired by using an Ocean Optics HR2000+ spectrometer equipped
321 with a CH Instruments electrochemical workstation used for potential
322 control. Bulk electrolysis was performed at potentials approximately
323 40 mV negative of the first reduction potential.
324 Quantum Yield of Hydrogen Production. The measurements
325 were performed using four independent samples irradiated under
326 monochromatic 442 nm He/Cd laser excitation. The power density of
327 the light source was varied for each sample, and measurements were
328 acquired at four different incident light powers (62.5, 59.3, 43, and
329 32.4 mW) over 40−45 min, during which time the hydrogen
330 generation rate remained linear. The absorbed power was obtained by
331 measuring the power density before and after each sample. Because
332 two photons are needed to produce one H2 molecule, the quantum
333 yields are based on two photons absorbed

n

n
n

P t
E N

2
,H

H

photon absorbed
photon absorbed

abs

photons A
2

2Φ = =
334 (1)

335 where nH2
is the number of moles of H2 accumulated in the vial and

336 nphoton absorbed is the number of moles of photons absorbed; Pabs is the
337 optical power (W) measured from the incident excitation source using
338 a power meter, t is the irradiation time in seconds, Ephotons is the
339 energy of photons in joules, and NA is Avogadro’s number. The
340 quantification of hydrogen was performed by using a gas chromato-
341 graph (Shimadzu) equipped with a 5 Å molecular sieves column and
342 thermal conductivity detector operated with argon as the carrier gas.
343 A 100 μL Hamilton syringe was used to inject the gaseous sample that
344 accumulated in the headspace of the vial. GC data were also calibrated
345 against a certified Ar/H2 standard (Praxair).
346 Fraction of Excited States Quenched from Photoluminescence
347 Data. By use of the Stern−Volmer relation, Stern−Volmer constants
348 (Ksv) and bimolecular quenching rates (kq) were extrapolated from
349 either photoluminescence lifetime or intensity experiments according
350 to the equation τ0/τ = I0/I = 1 + Ksv[Q]. τ0 and τ are the sensitizer
351 lifetimes of the unquenched and quenched photoluminescence
352 emission, respectively. I0 and I are the integrated photoluminescence
353 emission spectra of the sensitizer for the unquenched and quenched
354 samples, respectively. The absorbance of the sensitizers was chosen to
355 be optically dilute (0.1−0.2) at the excitation wavelength. All samples
356 were bubbled degassed for 40 min prior to the start of the experiment.
357 The fraction of excited states quenched can be readily calculated at
358 any concentration of quencher:
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360 Electron-Transfer Cage Escape Efficiencies. The cage escape
361 efficiency (ΦCE) was calculated from transient absorption kinetic
362 decay analysis using [Ru(bpy)3]

2+ in water as an actinometer:20,44

(1 10 )

(1 10 ) fraction of PL quenched

A A

A A
CE

sample

sample

actinometer

actinometer

actinometer

sampleΦ =
−

− ×
ε

ε

Δ
Δ

Δ
Δ 363(3)

364where ΔAsample is the maximum of the decay of the NBI radical anion
365at 465 nm, Δεsample was estimated from spectroelectrochemical
366measurements leading to the extinction coefficient at 465 nm,
367ΔAactinometer is the maximum transient observed for the aqueous
368[Ru(bpy)3]

2+ actinometer under identical excitation conditions, and
369Δεactinometer = 22000 M−1 cm−1 at 370 nm as previously
370reported.45,46,20,44 Both sample and actinometer had an absorbance
371of 0.35 at the 452 nm excitation wavelength, and the fraction of
372photoluminescence (PL) quenched was calculated by extrapolation of
373the Stern−Volmer plot.

374■ RESULTS AND DISCUSSION
375Electronic and Photoluminescence Spectroscopy.
376The photophysical properties of [Ir(NBI)2(phen)]PF6 were
377investigated previously.42 The ground-state absorption spec-
378trum of [Ir(NBI)2(phen)]PF6 measured in 2:1 ACN:H2O is
379 f1presented in Figure 1. The intense absorption bands located

380between 270 and 400 nm are assigned to spin-allowed singlet π
381→ π* ligand-centered (1LC) transitions localized on NBI and
382phenanthroline through direct comparisons to the UV−vis
383spectra of the respective free ligands.47−49 The absorption
384bands appearing in the visible region not related to being
385localized on the NBI chromophore are assigned as 1MLCT
386transitions. The extinction coefficient at 452 nm is 11000 M−1

387cm−1, in line with that expected for a 1MLCT transition.13,50,51

388Overall, the visible region of the spectrum is dominated by 1LC
389and 1MLCT absorption bands extending from 350 to 500 nm
390whose assignments are supported by TD-DFT calculations
391described previously in the literature.42,47,50,52,53

392The photoluminescence spectrum exhibits a vibronically
393structured profile with a maximum at 634 nm. Our group
394previously observed and reported a small thermally induced
395shift in the photoluminescence spectrum indicative of minimal
396charge-transfer character in the lowest excited state: the large
397apparent Stokes shift (4500 cm−1) and microsecond photo-
398luminescence intensity decay suggested the emission arises
399from the lowest energy triplet excited state. Additionally, the
400phosphorescence induced from free NBI ligand at 77 K
401matched well with the features observed for the Ir(III)
402complex. Based on these observations, the lowest triplet

Figure 1. Ground-state absorption (solid line) and photolumines-
cence (dashed line) spectra (λex = 452 nm) of [Ir(NBI)2(phen)]PF6
measured in a mixture of 2:1 ACN/H2O at room temperature.
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403 excited state mainly arises from an NBI ligand centered state
404 possessing some MLCT character.42 For the purposes of
405 hydrogen production, 2:1 ACN:H2O was used as the solvent,
406 and the lifetime of the Ir(III) complex was measured to be 1.46
407 ± 0.08 μs (Figure S1), which is suitable to promote diffusional
408 bimolecular photochemistry. Therefore, the relatively large
409 visible absorption cross section and long-lived ligand-localized
410 triplet excited state make [Ir(NBI)2(phen)]PF6 suitable for
411 photocatalysis.
412 Hydrogen Production. Our laboratory had previously
413 studied hydrogen production using a Cu(I) photosensitizer,
414 the sacrificial donor (DMT), and the water splitting catalyst
415 [Co(dmgH)2pyCl].

9 The hydrogen production experiments
416 using these three components were performed under a 452 nm
417 visible light irradiation (540 ± 10 mW) using a mixture of 2:1
418 ACN/H2O as the solvent. The quantum yield of hydrogen
419 production for this system was 4.5% based on two absorbed
420 photons, which is comparable to the quantum yield of
421 hydrogen production (4.7%) in the same photosystem using
422 [Ru(bpy)3]

2+ as the photosensitizer. Control experiments
423 confirmed that no hydrogen was produced in the absence of
424 the photosensitizer, the sacrificial donor, or the water splitting
425 catalyst, which indicates that each component is essential for
426 hydrogen production to occur.

427An unprecedented stability of this photocatalytic system was
428implied by the hydrogen regeneration experiment. Under 90 h
429LED visible light irradiation (λex = 452 nm, 540 mW), the
430optical density of the PS did not show any significant changes,
431suggesting excellent photostability of the Ir(III) photo-
432 f2sensitizer (Figure 2a). As shown in Figure 2b, the regeneration
433of hydrogen resumed when adding fresh Co(III) catalyst and
434DMT at the end of each cycle, indicating that the Co(III)
435catalyst and/or DMT degraded prior to the Ir(III) PS that
436remained active during 90 h visible light irradiation. The
437incomplete recoveries may be attributed to a long induction
438period and a slower rate of hydrogen production with an in situ
439addition of [Co(dmgH)2(py)Cl], a phenomenon reported by
440Eisenberg and co-workers54 and also observed in our previous
441study.5 It is known that cobalt dimethylglyoxime undergoes
442degradation and hydrogenation during photocatalysis, which is
443the root cause of system instability.54−56 The byproducts
444formed by the degradation of the Co(III) catalyst and/or
445DMT may affect the electron-transfer process and therefore
446restrict the complete regeneration of hydrogen production.
447Under the same photocatalytic conditions, the Ir(III)
448photosensitizer increases hydrogen yield by 4-fold compared
449with [Ru(bpy)3]

2+ (537 μmol vs 131 μmol, Figure 2c). The
450Ir(III) PS exhibited a TON (H2/PS) of 372 compared to a

Figure 2. (a) Absorption spectra of 2.2 × 10−4 M [Ir(NBI)2(phen)]PF6 in a mixture of 2:1 ACN/H2O before and after 90 h LED irradiation (λex =
452 nm, 540 mW). (b) Hydrogen evolution regeneration experiment was performed by the in situ addition of equivalent amount of
[Co(dmgH)2(py)Cl] and DMT to their initial concentrations at the end of each cycle, and hydrogen evolution resumes. Conditions: 2.2 × 10−4 M
[Ir(NBI)2(phen)]PF6, 2.2 × 10−4 M [Co(dmgH)2(py)Cl], and 0.07 M DMT in a mixture of 2:1 ACN/H2O at pH 6.8 (λex = 452 nm, 540 mW).
(c) Comparison of H2 production for [Ir(NBI)2(phen)]PF6 and [Ru(bpy)3]Cl2 at identical concentrations (1.44 × 10−4 M), [Co(dmgH)2(py)Cl]
(3.7 × 10−4 M), and DMT (0.07 M) at pH 6.8 in a mixture of 2:1 ACN/H2O (λex = 452 nm, 540 mW).
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451 TON of 91 obtained with [Ru(bpy)3]
2+ (Figure S2).

452 Moreover, the Ir(III) complex yields a faster rate of hydrogen
453 generation than [Ru(bpy)3]

2+, which is possibly a result of
454 more rapid rate of reductive quenching.9,45 The TON (H2/
455 Co) reached the maximum at 172 when using a concentration
456 of 3.7 × 10−4 M Co(III) catalyst and 2.2 × 10−4 M Ir(III)
457 complex. A TON (H2/PS) of 823 was obtained with a
458 concentration of 1.5 × 10−4 M Ir(III) complex and 2.2 × 10−4

459 M Co(III) catalyst (Figure S3). The pH-dependent studies
460 confirmed that hydrogen yield was maximized in neutral
461 conditions, which is in agreement with previous studies using
462 the same electron donor and catalyst (Figure S4).5 Acidic
463 conditions likely lead to a loss of the phenanthroline ligand,
464 which disrupts the PS structure.57 Moreover, the electron
465 transfer from DMT to the PS is limited by the more favorable
466 protonation of the amino group on DMT in acidic conditions.5

467 Increasing the pH value from 8 to 10 resulted in a decline in
468 hydrogen yield, which is likely due to the diminished proton
469 concentration in the system.58

470 Mercury poisoning tests were performed to determine
471 whether colloidal particles were being formed from [Co-
472 (dmgH)2(py)Cl] in situ and whether these particles were
473 acting as the catalyst for hydrogen production. Mercury is
474 known to inhibit the activity of metal particles by adsorption at
475 the surface of Hg(0) or the formation of amalgams.59−61 There
476 was no significant change in the photocatalytic rate or H2 yield
477 when elemental mercury was present or absent (Figure S5),
478 confirming that the molecular cobalt species was in fact that
479 WRC; therefore, the photocatalytic system is strictly
480 homogeneous.
481 The gaseous product and proton source were analyzed to
482 verify that hydrogen was the only gaseous product formed in

f3 483 this system (Figure 3a). This experiment was performed using
484 deuterated water to replace H2O under the same photo-
485 catalytic conditions and indicated the proton source primarily
486 comes from water. The percentages of gaseous products
487 produced under deuterated conditions are 6.4% H2, 8.2% HD,
488 and 85.4% D2 (Figure 3b).
489 Electrochemistry. Cyclic and differential pulse voltamme-
490 try experiments were performed on the photosensitizer to
491 determine the oxidation and reduction potentials of the

t1 492 complex, the results of which are summarized in Table 1. The

493cyclic and differential pulse voltammetry data are presented in
494 f4Figure 4. The electrochemistry of this Ir(III) complex displays
495three completely reversible reductions. The first and second
496reductions are attributed to the two NBI ligands occurring at
497−1.56 and −1.70 V vs Fc+/0, with the third reduction at −1.95
498V vs Fc+/0 attributed to the 1,10-phenanthroline ligand,
499consistent with reported literature.48 Moreover, the reported

Figure 3. (a) Mass spectrometry analysis of gas produced in the headspace. 2.2 × 10−4 M [Ir(NBI)2(phen)]PF6, 2.2 × 10−4 M
[Co(dmgH)2(py)Cl], and 0.07 M DMT at pH 6.8 in a mixture of 2:1 ACN/H2O (λex = 452 nm, 540 mW). (b) Deuteration experiment (red)
using identical concentrations of each component in the system at pH 6.8 in a mixture of 1:1 ACN/D2O (λex = 452 nm, 540 mW). Background
(black) used 0.07 M DMT in a mixture of 1:1 ACN/H2O at pH 6.8 under the same visible light irradiation condition, representing the background
signal caused by MS outgassing and the solvent mixture.

Table 1. Measured Ground- and Excited-State Redox
Properties of [Ir(NBI)2(Phen)]PF6 in Deaerated ACN

complex Eox/V
a Ered/V

a E00/eV
b E*ox/V

c E*red/V
c

[Ir(NBI)2(phen)]PF6 +1.10 −1.56 2.05 −0.95 +0.49
aPotential measured by CV and DPV in ACN solutions with 0.1 M
TBAPF6 as the supporting electrolyte vs Ag/AgNO3 and are reported
relative to the Fc+/0 internal standard. bExcited-state energy, estimated
by a tangent drawn to the blue edge of the PL emission band. cThe
redox potentials of the excited states were estimated by using Rehm−
Weller expressions63,64 (E*ox = Eox − E00, Ered = E*red + E00).

Figure 4. Cyclic voltammetry (CV, solid line) at 100 mV/s scan rate
and differential pulse voltammetry (DPV, dashed line) at 20 mV/s
scan rate for [Ir(NBI)2(phen)]PF6 in acetonitrile with ferrocene as an
internal standard. Platinum was used as the working electrode, Pt wire
as the counter electrode, and Ag/AgNO3 as the reference electrode in
the presence of 0.1 M TBAPF6 as supporting electrolyte.
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500 reduction potentials of free NBI and free phenanthroline ligand
501 are in line with the trend in the complex.47,62 The oxidation
502 occurs at +1.10 V vs Fc+/0 near the solvent window, assigned to
503 the Ir(III)/Ir(IV) couple with a strong contribution from the
504 NBI ligands according to the previously reported DFT
505 calculations where the spin density is localized on both the
506 Ir atom and the NBI ligand in the HOMO.42 Excited-state
507 reduction and oxidation potentials of the Ir(III) complex were
508 calculated based on the ground-state redox potentials as well as
509 the excited-state E00 energy by using established Rehm−Weller
510 expressions. The associated energy level diagram is presented

f5 511 in Figure 5. The Ered* potential of the Ir(III) complex is more

512 positive than the DMT oxidation potential, indicating that the
513 reduction of the excited photosensitizer by DMT is
514 thermodynamically favored. The reduced photosensitizer is
515 energetically suitable to reduce both Co(III) and Co(II),

516although because of the similar potentials of Ered and
517ECo(II)/Co(I), this reduction should be expected to occur more
518slowly. The potential Eox* is slightly lower than ECo(III)/Co(II),
519which indicates that the oxidation of excited photosensitizer by
520Co(III) catalyst is thermodynamically unfavorable or expected
521to be slower than the reduction by DMT.
522Spectroelectrochemistry. Visible and near-IR spectroe-
523lectrochemical measurements of [Ir(NBI)2(phen)]PF6 were
524performed to aid in the assignment of the spectral features
525observed in the TA experiments described below. Controlled
526potential electrolysis (CPE) of [Ir(NBI)2(phen)]PF6 in ACN
527at −1620 mV vs Ag/AgNO3 generated the one-electron
528 f6reduced difference spectrum that is presented in Figure 6a
529(top). The spectrum is qualitatively similar in shape to that of
530the free NBI radical anion presented in Figure 6a (bottom). It
531contains two intense features through the majority of the
532visible region with maxima at approximately 465 and 520 nm
533and a shoulder centered at ∼450 nm. The band extending from
534420 to 480 nm of Ir(III) complex matches the free NBI radical
535anion, indicating NBI is the main moiety of the complex that is
536reduced under the potential applied. There are two less intense
537peaks with maxima near 800 and 900 nm, also echoing that of
538the NBI radical anion. Additionally, there was no feature
539similar to 1,10-phenanthroline radical anion47 when the
540potential was applied lower than −1620 mV. This further
541confirms that the one-electron-reduced species observed
542mainly arises from reduction of NBI ligand. The extinction
543coefficient of [Ir(NBI)2(phen)]PF6 radical anion is presented
544in Figure 6b, obtained from spectroelectrochemistry data
545following the Beer−Lambert law.
546Electron-Transfer Mechanistic Studies. Excited-State
547Electron-Transfer Quenching Pathway Studies. The quench-
548ing pathway studies were based on the deactivation of the
549photoluminescence of [Ir(NBI)2(phen)]PF6 by DMT and
550[Co(dmgH)2 pyCl]. The quenching rate constant kq for each
551of these processes is evaluated by the Stern−Volmer equation
552(eq 4), where I0 and I are the integrated emission intensities in
553the absence and presence of the quencher, respectively, τ0 and
554τ are the excited-state lifetimes in the absence and presence of
555the quencher, respectively, and [Q] is the concentration of
556quenchers.

Figure 5. Potential energy diagram of [Ir(NBI)2(phen)]PF6,
[Co(dmgH)2(py)Cl], and DMT. All potentials are based on
electrochemical study with ferrocene as an internal standard. The
redox potentials of the excited states are estimated by the
corresponding Rehm−Weller expressions (Eox* = Eox − E00, Ered* =
Ered + E00).

Figure 6. (a) Spectroelectrochemical data of reduction of [Ir(NBI)2(phen)]PF6 and free NBI in ACN (0.1 M TBAPF6 supporting electrolyte,
−1620 mV applied potential vs Ag/AgNO3) as a function of time of electrolysis (3 s interval going from the red to the purple spectrum). (b)
Extinction coefficient of [Ir(NBI)2(phen)]PF6 radical anion as deduced from spectroelectrochemistry data following the Beer−Lambert law. Δε465
= 1.1 × 104 M−1 cm−1 was obtained from the sample containing 3.2 × 10−4 M [Ir(NBI)2(phen)]PF6 in ACN (0.1 M TBAPF6 supporting
electrolyte, −1620 mV applied potential vs Ag/AgNO3).
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558 Stern−Volmer analysis indicates the Ir(III) photosensitizer is
559 reductively quenched by DMT with a diffusion-limited
560 quenching rate constant kq of (3.3 ± 0.4) × 1010 M−1 s−1

561 (Figure S6) while the oxidative quenching by the Co(III)
562 catalyst occurs at a rate constant kq of (2.2 ± 0.1) × 109 M−1

563 s−1 (Figure S7), an order of magnitude lower than that of the
564 reductive quenching rate constant. Furthermore, 7.0 × 10−2 M
565 DMT is used in large excess relative to 2.2 × 10−4 M
566 [Co(dmgH)2(py)Cl] in the photocatalytic system. Therefore,
567 reductive quenching is the predominant pathway in this
568 system. This is consistent from the thermodynamic point of
569 view mentioned above. The [Ru(bpy)3]

2+ photocatalytic
570 system is also dominated by a reductive quenching pathway,
571 with a kq of 3.7 × 109 M−1 s−1.9 The increase in this rate
572 constant by an order of magnitude in the Ir(III)-based
573 photocatalytic system likely explains the higher initial rate of
574 hydrogen production compared to the Ru(II)-based system.
575 Nanosecond Transient Absorption Spectroscopy. The
576 electron-transfer processes driving the photochemistry were
577 investigated mainly by the nanosecond transient absorption
578 spectroscopy. Diffusion-limited bimolecular electron-transfer
579 processes generally occur at nanosecond and longer time
580 scales, making nanosecond TA a useful platform to observe
581 these processes. The excited-state absorption spectrum of
582 [Ir(NBI)2(phen)]PF6 in deaerated 2:1 ACN:H2O solution
583 contains sharp features at 400 and 440 nm as well as a broad
584 feature extending to the near-IR region. The ground-state
585 bleach occurs at 490 nm, which indicates that the ground-state
586 extinction coefficient is larger than that of the excited state in
587 the associated wavelength region. The transient kinetics at 490
588 and 550 nm possess similar single-exponential time constants,
589 1.54 and 1.57 μs, respectively, indicating the signal observed
590 on the nanosecond time scale is that of the lowest excited state
591 (i.e., mainly 3LC state) (Figure S8). The lifetimes extracted
592 from the transient signals agree with that obtained by time-
593 resolved photoluminescence decays, suggesting the same
594 excited state is responsible for all the experimental observa-
595 tions. Moreover, the triplet sensitization experiment performed

596previously on the free NBI ligand provides further evidence for
597the assignment of the transient features observed in the Ir(III)
598complex.42 The excited-state absorption difference spectrum of
599the free NBI ligand upon triplet sensitization matches the
600broad excited-state absorption feature in the Ir(III) complex,
601with an expected blue-shift of the features in the Ir(III)
602complex due to coordination of the ligand.
603Upon excitation (λex = 452 nm) of the PS, the initially
604populated excited state efficiently intersystem crosses to the
605long-lived triplet excited state.46 This triplet state is reductively
606quenched by the DMT with a bimolecular rate constant of (3.3
607± 0.4) × 1010 M−1 s−1 as Stern−Volmer analysis suggested. In
608the presence of both [Ir(NBI)2(phen)]PF6 and DMT, the
609 f7absorbance difference spectrum (Figure 7a) is observed with
610positive features at 465 and 525 nm. This absorption band is
611assigned, based on spectroelectrochemistry presented in Figure
6126b, to the one-electron reduced [Ir(NBI)2(phen)]

0 which is
613generated following reductive electron transfer from DMT to
614[Ir(NBI)2(phen)]PF6. The ground-state absorbance spectra of
615the sample before and after the transient absorption study did
616not show any changes, suggesting complete reversibility of the
617electron-transfer process on long time scales. Moreover, the
618absorption feature at 465 nm repopulates the ground state
619eventually, indicating a back-recombination of [Ir-
620(NBI)2(phen)]

0 with DMT•+ to form ground-state products.
621In an attempt to obtain this charge recombination rate
622constant, the transient kinetics at 465 nm was measured and
623adequately fit with second-order equal concentration kinetics.
624The back-electron-transfer rate constant, kb = 5.7 × 109 M−1

625s−1, was extracted from the initial portion of the transient
626kinetics at 465 nm (Figure 7b).
627Cage Escape Efficiency. Franck and Rabinowitsch in 1934
628first described the solvent cage as a hole in the solvent that
629temporarily traps a pair of reactive molecules and causes them
630to remain as colliding neighbors for a short period of time
631before random motion allows their separation.65 In the
632photoinduced electron-transfer processes, the geminate redox
633pairs are generated through electron transfer between an
634excited state and a reductive or oxidative quencher. Herein, the
635cage escape efficiency ΦCE is the efficiency of the escape of the
636redox pair [Ir(NBI)2(phen)]

0/DMT•+ from within the solvent

Figure 7. (a) Transient absorption spectra of a sample containing [Ir(NBI)2(phen)]PF6 (A452nm ∼ 0.32) and 6.6 mM DMT, excited with a 452 nm
laser Nd:YAG (∼2 mJ/pulse). (b) Kinetic decay of the [Ir(NBI)2(phen)]

0 species at 465 nm. Inset: second-order equal concentration kinetic linear
fit of the initial portion of the decay, kb= 5.7 × 109 M−1 s−1.
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637 escape wherein they were generated. A high cage escape
638 efficiency indicates a large yield of charge separated pairs
639 available to the subsequent catalytic cycles. The cage escape
640 efficiency of the [Ir(NBI)2(phen)]

0/DMT•+ charge-separated
641 pair was determined in samples where the fraction of PL
642 quenched was >97% based on the extrapolation of the Stern−
643 Volmer plot. Actinometry was performed by measuring the
644 MLCT state transient absorbance of an aqueous [Ru(bpy)3]

2+,
645 assuming a quantum yield of unity for formation of the MLCT
646 excited state and Δε370 = 2.2 × 104 M−1 cm−1.35,44 The change
647 in extinction coefficient for [Ir(NBI)2(phen)]

0 at 465 nm was
648 1.1 × 104 M−1 cm−1 determined from the spectroelectrochem-
649 ical study (Figure 6b). ΦCE for [Ir(NBI)2(phen)]

0/ DMT•+

650 was calculated to be 78% from eq 5

(1 10 )

(1 10 ) fraction quenched

A A

A ACE

sample

sample

actinometer

actinometer

actinometer

sample
Φ =

−

− ×

ε

ε

Δ
Δ

Δ
Δ651 (5)

652 which indicates the majority of the charge-separated species
653 can enter the subsequent catalytic cycles. This is a significant
654 improvement in cage escape efficiency compared to the
655 [Ru(bpy)3]

2+ analogues, which have a cage escape efficiency of
656 only 52%, in agreement with values reported in the
657 literature.45,46 The improvement in cage escape efficiency can
658 likely be traced to the significant 3LC character of the
659 [Ir(NBI)2(phen)]PF6 lowest energy excited state as compared
660 to the mainly MLCT character of the lowest energy excited
661 state of Ru(II) photosensitizers. Triplet radical ion pairs have
662 been known to have higher cage escape efficiencies than singlet
663 radical ion pairs.35,36 As there is less d-orbital contribution
664 from the Ir(III) metal center, the excited state has less spin−
665 orbit coupling when compared with the 3MLCT state of the
666 Ru(II) analogues, resulting in radical ion pairs that have more
667 triplet character and thus a higher cage escape efficiency. An
668 alternative explanation is that the different geometries expected
669 for the forward and reverse electron-transfer processes impede
670 recombination within the [Ir(NBI)2(phen)]

0/DMT•+ solvent
671 cage.
672 The transient absorption difference spectrum of the entire
673 photosystem (i.e., containing all the components necessary for

f8 674 production of hydrogen) presented in Figure 8a was similar to
675 that of [Ir(NBI)2(phen)]

0 but recovered to the ground state

676faster than the disappearance of the initially formed [Ir-
677(NBI)2(phen)]

0 species (Figure S9). Moreover, there was a
678shoulder growing from 520 to 700 nm at 5 μs which likely
679correlates to the Co(II) species.66,67 The steady-state
680absorption spectrum measured after the transient absorption
681experiment showed growth of a band at 450 nm (Figure S10),
682attributed to the produced Co(II) species.5 These observations
683are consistent with a dark electron-transfer reaction from the
684[Ir(NBI)2(phen)]

0 species to the Co(III) catalyst, forming
685Co(II) and regenerating the resting state of the photo-
686sensitizer.
687The pseudo-first-order rate constant of the electron transfer
688from [Ir(NBI)2(phen)]

0 to [Co(dmgH)2 pyCl] was deter-
689mined from kinetic decay traces for [Ir(NBI)2(phen)]

0 at 520
690nm as a function of [Co(dmgH)2pyCl] concentrations under
691flash-quench conditions (Figure S9). As the associated Co(II)
692complex is known to have a transient absorption feature at 460
693nm,5,66,67 overlapping with the intense absorption band of
694[Ir(NBI)2(phen)]

0, the kinetic decay traces were measured at
695520 nm where the Co(II) absorption tail slightly overlaps with
696the absorption band of [Ir(NBI)2(phen)]

0; the resulting
697decays are biexponential in nature. Fitting the initial portion
698of the kinetic decay at 520 nm with a biexponential function
699enabled extraction of the observed rate kobs. The slope kCo of
700the plot kobs vs Co(III) concentration (kobs = 1/τshort, where
701τshort is the shorter of the two lifetimes from the biexponential
702fit and is attributed to the decay of [Ir(NBI)2(phen)]

0) is 2.5 ×
703109 M−1 s−1, representing the rate constant of electron transfer
704from [Ir(NBI)2(phen)]

0 to Co(III) catalyst as seen in Figure
7058b. The formed Co(II) species subsequently enters the
706hydrogen evolution cycle, and [Ir(NBI)2(phen)]

0 regenerates
707the resting state of the sensitizer, enabling the photocatalytic
708 s1cycle to resume. Scheme 1 summarizes the proposed
709photocatalytic cycle for hydrogen evolution.

710■ CONCLUSIONS
711A robust cyclometalated Ir(III) complex, namely, [Ir-
712(NBI)2(phen)]PF6, was used for the photocatalytic production
713of hydrogen and remained active under visible light irradiation
714for 90 h. The origin of the hydrogen produced by the
715photocatalytic system was confirmed to be aqueous protons,
716while the mercury poisoning test confirmed that the water
717reduction catalyst was molecular in nature, thereby providing

Figure 8. (a) Transient absorption spectroscopy of the photocatalytic system containing [Ir(NBI)2(phen)]PF6 (A452nm ∼ 0.32), 6.6 mM DMT, and
3 × 10−4 M [Co(dmgH)2(py)Cl], excited with 452 nm laser pulses (2 mJ/pulse) from a Nd:YAG/OPO laser system. (b) Kinetic trace of the
sample at 520 nm plotted as kobs vs concentration of Co(III) where kobs = 1/ τshort.
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718 evidence that the system is indeed operating in a purely
719 homogeneous manner. The combined experimental results
720 support a reductive quenching pathway, where the excited
721 Ir(III) PS is reductively quenched by the electron donor DMT,
722 yielding a reduced ground-state PS species which subsequently
723 donates electrons to the cobalt catalyst and regenerates the
724 original Ir(III) PS. The 3LC character in the lowest excited
725 state promotes a high cage escape efficiency of 78% in the first
726 electron-transfer reaction, enabling most of these charge-
727 separated species to proceed to subsequent electron-transfer
728 steps, thus enhancing the performance of H2 production.
729 Additionally, the first reduction occurring on the NBI ligand
730 rather than more labile diimine ligand is believed to improve
731 the photostability of the Ir(III) PS, thus further enhancing H2
732 production. These combined findings suggest that the 3LC
733 excited state localized on the cyclometalating ligand leads to
734 enhanced photostability in the PS and yields a high cage escape
735 efficiency. Therefore, photosensitizers featuring low-lying 3LC
736 excited states, rather than a pure charge-transfer excited state,
737 can be leveraged in future solar fuels photocatalytic schemes.
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(51)964 Finkenzeller, W. J.; Stößel, P.; Yersin, H. Emission and
965 Absorption of Ir(ppy)2(CO)(Cl) − Temperature Dependence,
966 Phosphorescence Decay Dynamics, and Assignment of Excited States.
967 Chem. Phys. Lett. 2004, 397, 289−295.

(52)968 Lamansky, S.; Djurovich, P.; Murphy, D.; Abdel-Razzaq, F.;
969 Lee, H.-E.; Adachi, C.; Burrows, P. E.; Forrest, S. R.; Thompson, M.
970 E. Highly Phosphorescent Bis-Cyclometalated Iridium Complexes:
971 Synthesis, Photophysical Characterization, and Use in Organic Light
972 Emitting Diodes. J. Am. Chem. Soc. 2001, 123, 4304−4312.

(53)973 Zhang, Q.; Wang, X.; Zhang, Y.; Wang, L.; Li, J.; Zhang, J.
974 Insight into the Phosphorescent Process of Cyclometalated Ir(III)
975 Complexes: Combination of the Substituents on Primary and
976 Ancillary Ligands Controls the Emission Rule and Quantum Yield.
977 J. Phys. Chem. C 2016, 120, 27523−27532.

(54)978 McCormick, T. M.; Calitree, B. D.; Orchard, A.; Kraut, N. D.;
979 Bright, F. V.; Detty, M. R.; Eisenberg, R. Reductive Side of Water
980 Splitting in Artificial Photosynthesis: New Homogeneous Photo-
981 systems of Great Activity and Mechanistic Insight. J. Am. Chem. Soc.
982 2010, 132, 15480−15483.

(55)983 Probst, B.; Guttentag, M.; Rodenberg, A.; Hamm, P.; Alberto,
984 R. Photocatalytic H2 Production from Water with Rhenium and
985 Cobalt Complexes. Inorg. Chem. 2011, 50, 3404−3412.

(56)986 McCormick, T. M.; Han, Z.; Weinberg, D. J.; Brennessel, W.
987 W.; Holland, P. L.; Eisenberg, R. Impact of Ligand Exchange in
988 Hydrogen Production from Cobaloxime-Containing Photocatalytic
989 Systems. Inorg. Chem. 2011, 50, 10660−10666.

(57)990 Sattar, S. A Unified Kinetics and Equilibrium Experiment: Rate
991 Law, Activation Energy, and Equilibrium Constant for the
992 Dissociation of Ferroin. J. Chem. Educ. 2011, 88, 457−460.

(58)993 Han, Z.; McNamara, W. R.; Eum, M.-S.; Holland, P. L.;
994 Eisenberg, R. A Nickel Thiolate Catalyst for the Long-Lived
995 Photocatalytic Production of Hydrogen in a Noble-Metal-Free
996 System. Angew. Chem., Int. Ed. 2012, 51, 1667−1670.

(59)997 Anton, D. R.; Crabtree, R. H. Dibenzo[a, e]cyclooctatetraene in
998 a Proposed Test for Heterogeneity in Catalysts Formed from Soluble
999 Platinum-Group Metal Complexes. Organometallics 1983, 2, 855−
1000 859.

(60)1001 Paklepa, P.; Woroniecki, J.; Wrona, P. K. Transformations in
1002 Cobalt Amalgamfrom a Homogeneous Co Amalgam to Nano-
1003 crystallites. J. Electroanal. Chem. 2001, 498, 181−191.

(61)1004 Paul, F.; Patt, J.; Hartwig, J. F. Palladium-Catalyzed Formation
1005 of Carbon-Nitrogen Bonds. Reaction Intermediates and Catalyst
1006 Improvements in the Hetero Cross-Coupling of Aryl Halides and Tin
1007 Amides. J. Am. Chem. Soc. 1994, 116, 5969−5970.

(62)1008 Krishnan, C. V.; Creutz, C.; Schwarz, H. A.; Sutin, N.
1009 Reduction Potentials for 2,2’-Bipyridine and 1,10-Phenanthroline
1010 Couples in Aqueous Solutions. J. Am. Chem. Soc. 1983, 105, 5617−
1011 5623.

(63)1012 Rehm, D.; Weller, A. Kinetik und Mechanismus der
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