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ABSTRACT Light-driven hydrogen evolution is a promising means of sustainable energy
production to meet the global energy demand. This study investigates the photocatalytic
hydrogen evolution activity of nickel-substituted rubredoxin (NiRd), an artificial hydrogenase
mimic, covalently attached to a ruthenium phototrigger (RuNiRd). By systematically
modifying the para-substituents on Ru(II) polypyridyl complexes, we sought to optimize the

intramolecular electron transfer (ET) processes within the RuNiRd system. A series of



electron-donating and electron-withdrawing groups were introduced to tune the
photophysical, photochemical, and electrochemical properties of the ruthenium complexes.
Our findings reveal that electron-donating substituents can increase the hydrogen evolution
capabilities of the artificial enzyme to a point; however, the complexes with the most electron
donating substituents suffer from short lifetimes and inefficient reductive quenching,
rendering them inactive. The present work highlights the intricate balance required between
driving force, lifetime, and quenching efficiency for effective light-driven catalysis, providing

valuable insights for the design of artificial enzyme-photosensitizer constructs.

INTRODUCTION

The worldwide energy demand is rapidly rising due to population and industrial growth.!
Addressing the growing energy needs while mitigating the environmental impact requires a
shift towards renewable energy sources. Sunlight has emerged as a promising source of green
energy, offering an environmentally sustainable alternative to conventional fossil fuels.> Solar
fuels, such as hydrogen, serve as energy carriers with storage capabilities and high-density
energy outputs.®'? Photocatalysis can play a pivotal role in harnessing solar radiation.!"'> One
strategy in photocatalyst development involves the covalent attachment of a photosensitizer
to a native or artificial enzyme. These covalently tethered constructs circumvent the need for
diffusive collisional contact, allowing for rapid and efficient charge separation (Figure 1A).'6
Furthermore, covalently attaching a photosensitizer to an enzyme has provided insight into

catalytic processes and intermediates.!”"!° There are many strategies for covalent attachment



using the reactivity of amino acid residues such as lysine, histidine, and cysteine.?>>> Among
them, cysteine is a convenient target for modification due to lower natural protein abundance
and the strongly nucleophilic sulfhydryl side chain.*

Several types of photosensitizers, including inorganic compounds, organic dye molecules,
and nanomaterials, have successfully been conjugated to enzymes to overcome a high
photocatalytic overpotential. > Ru(II) polypyridyl complexes are a popular choice due to their
long-lived excited states, redox properties, and light absorption in the visible range.”3
Previously, we have developed a photocatalytic system for light-driven hydrogen evolution
based on nickel-substituted rubredoxin coupled to a Ru(II) complex (Ru(bpy)NiRd) as an
artificial hydrogenase mimic,3*? where the chromophore [Ru'(bpy)2(epoxy-phen)]**) (bpy =
2,2'-bipyridine; epoxy-phen = 5,6-epoxy-5,6-dihydro-[1,10]phenanthroline) was covalently
bound to a surface-exposed cysteine residue adjacent to the active site (Figure 1B). It was
shown that covalently attaching the Ru chromophore to NiRd in Ru(bpy)NiRd resulted in an

8-fold increase in activity for light-driven hydrogen evolution compared to stoichiometric



amounts of [Ru(bpy)3]** and NiRd in solution,* and time-resolved spectroscopy revealed direct

intramolecular electron transfer (ET) between the metal centers.3¢3

However, because of the relative free energies for oxidative quenching relative to reductive

quenching, the intramolecular ET process was attributed to the formation of a catalytically

unproductive [Ru]*Ni* state. Here, to optimize the photocatalytic activity of the Ru(L)NiRd

system, we have generated a series of ruthenium complexes where the bpy ligands are

substituted in the 4,4'-position (para to the coordinating N atoms), Ru(L)NiRd, to

systematically tune the photophysical and excited state reduction potentials of the

chromophore (Figure 1C). We hypothesized that more favorable ET to the Ni center may
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Figure 1. (A) Schematic of possible mechanisms for
photoinduced hydrogen production by a tethered
photosensitizer (PS)-catalyst (CAT) construct in the
presence of a reductive quencher (Q). (B) Cartoon showing
RuNiRd PSCAT system developed in this work with para-
substituted ruthenium phototriggers. (C) Schematic
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—C(CHs)3 (dtbub)) groups at the parapositions of the ancillary bipyridine ligands. The influence



of using 1,10-phenantholine (phen) instead of bpy was also investigated. As predicted, varying
the driving force to favor the putative catalytically relevant intermediate increased hydrogen
production. However, interestingly, the complexes with the most electron donating
substituents, Ru(dmabpy)NiRd and Ru(meob)NiRd, were completely inactive for hydrogen
evolution. Using a suite of photophysical techniques for characterization, this inactivity was
attributed to a combination of short excited state lifetimes and low intermolecular quenching
rates, highlighting the complex interplay involved in fine-tuning artificial enzyme-

photosensitizer constructs.

MATERIALS AND METHODS

Materials

The following ligands were purchased from the specified supplier: 2,2’-bipyridine (bpy, Alfa
Aesar), 4,4’-dimethyl-2,2’- bipyridine (dmb, Alfa Aesar), 1,10-phenanthroline (phen, Sigma
Aldrich), 4,4’-dimethoxy-2,2’-bipyridine (meob, Sigma Aldrich), 4,4’-di-tert-butyl-2,2’-
dipyridyl (dtbub, Sigma Aldrich), 4,4’-bis(trifluoromethyl-2,2’-bipyridine) (btfmb, Strem
Chemical), 2,2’-bipyridine-4,4’-dicarboxylic acid (dcbpy, Beantown Chemical) and 4,4' -
bis(N,N-dimethylamino)-2,2' -bipyridine (dmabpy, BLD Pharmatech).

Protein expression and purification

The Desulfovibrio desulfuricans rubredoxin (Rd) was heterologously expressed, purified,
and metalated as previously described.?** ZnRd was prepared by metal substitution with

ZnSOs4 using purified FeRd protein.



Synthesis of [Ru(L)3][(PF3)2], (L = bpy, meob, dmb, dmabpy, and phen)

The following preparation of these compounds was modified from Broomhead et al (Figure
S1A).%8 RuCls*H20 (0.083 g, 0.40 mmol) was added to 8 mL of deionized water and stirred until
RuCls was fully dissolved. While stirring, 1.2 mmol of ligand (bpy, 0.188 g; dmb, 0.222 g; phen,
0.217 g; meob, 0.260g and dmabpy, 0.291 g) and 500 pL of 6 M aqueous NaH2PO: were added
to the solution. The reaction mixture was refluxed for 30 minutes until the solution turned a
deep orange color. The solution was allowed to cool to room temperature, then placed in a -
20 °C freezer for 5 minutes. Approximately 1-2 mL of a saturated ammonium
hexafluorophosphate (NH4PFs, Thermo Fisher) solution was added to precipitate out an orange
solid, which was collected via vacuum filtration. The solid was washed with two 1-mL portions
of chilled water and 5 mL of diethyl ether. The solid was dried with vacuum filtration for 20
minutes, then dissolved in acetonitrile. The solution was centrifuged at 17,000xg for 10
minutes, then the supernatant was precipitated by addition into 5 mL of cooled diethyl ether.
The solid was filtered via vacuum filtration for 20 minutes and allowed to dry overnight. Yields
ranged from 24-75 %.

Synthesis of [Ru(L)3][(PF3)2], (L = dtbub, dcbpy, and btfmb)

The following preparation of these compounds was modified from Rillema et al (Figure
S1B).* RuCls*H20 (0.083 g, 0.40 mmol) was added in 10 mL of ethylene glycol and stirred until
RuCls was dissolved. While stirring, 1.2 mmol of ligand (dtbub, 0.322 g; btfmb, 0.351 g; and
dcbpy, 0.293 g) was added into the solution. The reaction mixture was refluxed 1-3 hours until

solution turned a deep orange or dark red color. Solution was allowed to cool to room



temperature then placed in -20 °C freezer for 5 minutes. Approximately 1-2 mL of a saturated
NH4PFs solution was added to precipitate out an orange or brown solid and collected via
vacuum filtration. Solid was washed with two 1 mL portions of chilled water and 5 mL of
diethyl ether. The solid was dried with vacuum filtration for 20 minutes, then dissolved in
acetonitrile. Solution was centrifuged at 17,000xg for 10 minutes, then supernatant was
precipitated by addition into 5 mL of cooled diethyl ether. Solid was filtered via vacuum
filtration for 20 minutes and allowed to dry overnight. Yields ranged from 50-75 % based on
the starting ruthenium amount.

Synthesis of cis-Ru(L)2Cl-H20 (L = dmabpy, meob, dmb, bpy, phen, dcbpy and btfmb)

Cis-Ru(L):Cl2-H20 was synthesized according to the following procedure modified from
Coudret et al (Figure S1C).*4! RuCl3*3H20 (0.25 g, 1 mmol) was added to a solution of LiCl
(1.7 g, 39 mmol) in ethylene glycol/water (25 mL, 4:1) at 110° C. After 15 min, 2 mmol of
ligand (dmabpy, 0.54 g; meob, 0.43 g; 0.37 g, dmb; 0.31 g, bpy; 0.36 g, phen; 0.49 g, dcbpy; 0.58
g, btfmb) was added. After 12 min, glucose (0.36 g, 2.0 mmol) was added and allowed to react
for 10 min, at which point ascorbic acid (0.089 g, 0.5 mmol) was added. The reaction solution
was maintained at 1102 C for 30 min. The reaction was quenched with the addition of 10 mL
of a saturated NaCl solution and cooled to 0° C for 60 min. The purple precipitate was filtered
and washed with the NaCl solution. Yields ranged from 50-75%.

Synthesis of cis-Ru(L)2Cl-H20 (L = dtbub)

Cis-[Ru(4,4'-Di-tert-butyl-2,2'-bipyridine)2Cl> RuCls-3H20 (0.25 g, 1 mmol) was added to a

solution of LiCl (1.7 g, 39 mmol) in ethylene glycol/water (24 mL, 5:1) at 110 C. After 15 min,



2 mmol of ligand (dtbub, 0.43 g) was added. Glucose was added after 25 minutes (0.36 g, 2.0
mmol, 2 eq) and allowed to react for 10 min. Increased ascorbic acid was used (0.12 g, 0.7
mmol, 0.7 eq) and once added, the reaction solution was maintained at 1102 C for 30 min. The
reaction was quenched with the addition of 10 mL of a saturated NaCl solution and cooled to
0°C for 60 min. The dark purple precipitate was filtered and washed with the NaCl solution.
The viscous violet solution yielded a dark violet precipitate after vacuum filtration. The
resultant powder was dissolved in ethyl acetate, and the insoluble component was filtered off.
The product was recrystallized with the dropwise addition of hexane to yield a fine black
powder (64% yield).

Synthesis of [Ru(L)2(epoxy-phen)][(PFs):]

The following preparation of these Ru-phototriggers was adapted from Dwaraknath et al
(Figure S1D).%' 0.09 mmol cis-Ru(L)2Cl2 (dmabpy, 0.059; bpy, 0.043 g; dmb, 0.049 g; phen,
0.048 g; meob, 0.054 g; dtbub, 0.064 g; btfmb, 0.068 g; and dcbpy, 0.059 g) was dissolved in 5
mL of a 75:25 ethanol:water mixture. The mixture was stirred until solid was dissolved. 0.018
g of 5,6-epoxy-5,6-dihydro[1,10]phenanthroline (epoxy-phen, 0.09 nmol; Sigma Aldrich) was
added into the solution. Solution was placed under foil to avoid light exposure and refluxed
for 3 hours at 100 °C while stirring. After reflux, solution was allowed to cool to room
temperature, and the ethanol was evaporated via a stream of N2 gas. Solution was chilled in
the -20 °C freezer for 5 mins, and approximately 1-2 mL of a saturated NH4PFs solution was
added to precipitate an orange or brown solid. The precipitate was filtered via vacuum

filtration and washed with 1 mL of chilled water and 5 mL of diethyl ether. The solid was dried



with vacuum filtration for 20 minutes, then dissolved in acetonitrile. Solution was centrifuged
at 17,000xg for 10 minutes, then supernatant was precipitated by addition into 5 mL of cooled
diethyl ether. Solid was filtered via vacuum filtration for 20 minutes and allowed to dry
overnight. Yields ranged from 90- 95% based on the starting ruthenium amount. Synthesis
was confirmed via MALDI-TOF spectrometry (Figure S2).

Covalent attachment of [Ru(L)2(epoxy-phen)][(PFe)2] to rubredoxin (Ru(L)MRd)

ZnRd, FeRd, or NiRd (MRd) were used for protein labeling reactions. Protein was reduced
by the addition of dithiothreitol (DTT) to a final concentration of 2.4 x MRd. The MRd + DTT
solution was incubated at room temperature for 5-10 minutes to ensure reduction of the C31
thiol. It was observed that incubation durations of greater than 10 minutes could result in
chelation of the metal ion by DTT. Excess DTT was removed via Econo-Pac 10-DG Desalting
column and the MRd was collected. For ZnRd, the fractions were assessed by Bradford reagent
due to ZnRd lacking visible electronic absorption. The labeling reactions were then prepared
by dilution of MRd to a final concentration of 25 pM with 100 uM Ru-phototrigger in 50%
(v/v) of 50 mM Tris, pH 8.0 and 50 % (v/v) of 50 mM CHES, pH 9.0. Reaction mixtures were
stirred at room temperature for 48 hours. After incubation, the labeling reactions were
concentrated by 3 kDa NMWCO Amicon stirred cell membrane (Millipore Sigma, St. Louis,
MO) and centricons to approximately 500 pL. Excess Ru-phototrigger was removed using an
Econo-Pac 10-DG Desalting column equilibrated with 50 mM Tris, pH 8.0. If excess Ru-
phototrigger was present, the labeled protein was pooled and incubated with 10% v/v

acetonitrile overnight at 4°C. A HiTrap-Q anion exchange column was used to remove



unlabeled protein from the reaction mixture (Figure S3). The concentration of NiRd or FeRd
was determined for the Ru(L)NiRd and Ru(L)FeRd samples using the extinction coefficients
for the d-d charge transfer transitions (NiRde740= 390 M'cm™, FeRd e755= 530 M'cm™). The
concentration of the Ru phototrigger was determined using the extinction coefficient at 451
nm (Table S1) and subtracting any absorbance present from Rd (NiRdes:1=3310 M'cm™, FeRd
ess1= 5150 M'cm™). For the Ru(L)ZnRd samples, the concentration of the Ru phototrigger was
determined through the extinction coefficient at 451 nm and the concentration of ZnRd was
determined at 286 nm (ZnRde28=10200 M'cm™), subtracting any absorbance due to the Ru
phototrigger (Table S1).

UV-Visible spectroscopy

All UV-visible absorbance measurements were collected with a quartz cuvette using an
Agilent 8453 diode array spectrometer.

MALDI-TOF mass spectrometry

MALDI-TOF samples were prepared on a ground steel plate (Bruker MSP 96 microScout
Target) using a matrix made of 100 mM sinapinic acid (Sigma) in 60/30/10 v/v/v
water/acetonitrile/0.1% trifluoroacetic acid. For all samples, 1 pL of sample/matrix was
deposited onto the plate and allowed to dry completely before analysis. All measurements were
carried out with a Bruker microFlex MALDI-TOF mass spectrometer operating in positive-ion
mode.

Electrochemistry
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All electrochemistry experiments were performed in acetonitrile with a [Ru(L)s]*
concentration of 1 mM and 100 mM tetra-N-butylammonium hexafluorophosphate (TBAPFs,
Acros Organics or Sigma-Aldrich) as a supporting electrolyte under a headspace of N2 gas. A
three-electrode system was used with a glassy carbon working electrode, a Pt-wire counter
electrode, and a Ag/AgCl reference electrode. A small amount of ferrocene was added as a
reference. Cyclic voltammograms were measured with a WaveNow potentiostat (Pine
Research Instrumentation) or an EC Epsilon EClipse potentiostat with a scan rate of 50 mV/s.
Reduction potentials were measured versus Fc*/Fc couple, but converted to NHE by the
addition of +0.63 V.%

Gas chromatography assays

All samples were prepared under an anaerobic N2 atmosphere (Erlab™ Portable Pyramid
Enclosure Glove Bag). Gas chromatograph (GC) samples were prepared in a 20 mL septum-
sealed glass vial with a total solution volume of 3 mL. Hydrogen production was measured on
a Shimazu GC-2014 equipped with TCD detection. Assays were conducted in a custom-built
glass cell and chilled to 4°C. Samples were illuminated by four evenly spaced LUXEON Rebel
ES LEDs placed below the cell (447 nm, ~ 2 cm from sample) and strands of blue LEDs (Home
EVER Inc., Las Vegas, NV) around the cell (450 nm, "3 cm from sample). The average
irradiation power was approximately 20 mW. Ru(L)NiRd samples were composed of 10 pM
Ru(L)NiRd + 100 mM ascorbate while unlabeled protein samples consisted of 10 uM [Ru(L)3]*
+10 pM NiRd + 100 mM ascorbate. All samples were in 1 M phosphate buffer, pH 6.5. Reported

values were corrected for the samples to have the same absorbance at 451 nm.

11



Luminescence and time-correlated single-photon counting experiments

All room temperature samples were prepared under an anaerobic N2 atmosphere (Erlab™
Portable Pyramid Enclosure Glove Bag) and further sparged with N2 gas to prevent quenching
from oxygen.®® All samples were diluted into 1 M phosphate, pH 6.5, in 0.2 x 1 cm gastight
quartz cuvettes (FireflySci) such that the absorbance at around 450 nm was between 0.05 and
0.1 (0.05 < Ass1 < 0.1; approximately 5-10 uM Ru). Room temperature emission spectra were
recorded on a Horiba Scientific Fluorolog-3 spectrofluorometer with excitation at 455 nm, and
emission was monitored from 500 to 800 nm with an integration time of 1 sec and bandpass of
5 nm. Time-resolved single photon counting (TCSPC) emission measurements were carried
out with the same samples as those for emission spectral measurements using a NanoLED-455
diode with pulse width for 1.3 ns and excitation wavelength of 451 nm, coupled to a Horiba
Scientific Fluorolog-3 spectrofluorometer for monitoring at the emission maximum with an
appropriate bandpass (4-14 nm) to give a stop rate of less than 2%. The lifetimes of the
complexes with the electron donating substituents were sufficiently short to need to consider
the instrument response function. Therefore, a measurement of water was taken and overlaid
on the kinetic traces of each complex to determine the relevant region for fitting. When fitting
the Ru(L)NiRd and Ru(L)FeRd complexes, 12 and 13 were fixed at the values determined for
Ru(L)ZnRd. Ew values for [Ru(L)s3][(PFs)2] samples were obtained at 77 K on a Horiba
FluoroMax-4 Spectrofluorometer using a 515 nm longpass filter with excitation at 455 nm and

emission monitored from 515 to 800 nm (Figure S4).
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Stern-Volmer analysis was performed on the [Ru(L)3]** series using both luminescence and
TCPSC measurements with varying amounts of ascorbate added to the sample. The dynamic

portion of the observed quenching was determined through lifetime measurements using Eq.

2=1+Kp[Q] (1)
where 7 is the lifetime in the presence of quencher (Q), 1o is the lifetime in the absence of

quencher, and Ko = kqto.** The static quenching constant was determined through fitting

emission intensity measurements using Eq. 2

Ig

5 = @ +Kp[QD(A + Ks[Q]) 2)

I

where I is the emission intensity in the presence of quencher, Io is the intensity in the absence
of quencher and Ks is the association constant for complex formation. Ko was held at the value
obtained from fitting the lifetime measurements. The relative contributions of dynamic and

static quenching were resolved by considering the ratio of Kv/Ks as given in Table 1.

Excited State Reduction Potential Determination
The excited state reduction potentials of the [Ru(L)s]** series were calculated using Egs. 3
and 4%
E(Ru?"?"") = E(Ru3"?*) — Eoo(Ru?"?*) (3)

E(Ru?") = E(Ru?") + Eoo(Ru2*"*) (4)
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where Eoo(Ru**) is the potential equivalent to the electronic energy of the excited state
determined through 77 K emission experiments.
Photoluminescence (PL) quantum yield measurements

Quantum yields were calculated using Eq. 5

P = o () 5)

where @t is the quantum yield of the reference complex [Ru(bpy)s]** (O = 0.042).46 Aver is
the absorbance of [Ru(bpy)3]* at the excitation wavelength (Aex = 455 nm), A is the absorbance
of the sample at the excitation wavelength, I is the integrated area under the emission spectrum
of the sample, and It is the integrated area under the emission spectrum of the [Ru(bpy)s]*.

Nanosecond transient absorption experiments

All samples were prepared under an anaerobic N2 atmosphere (Erlab™ Portable Pyramid
Enclosure Glove Bag). Samples contained “50 pM RuMRd in 1 M phosphate buffer at pH 6.5
in a 0.2 x 1 cm gastight quartz cuvette. All nanosecond transient absorption (TA) single-
wavelength data were collected using a pump pulse from the second harmonic frequency of a
Nd:YAG laser (532 nm) operating at 10 Hz (Spectra Physics, Quanta-Ray) and a CW Xe probe
light coupled with a monochromator and photomultiplier tube (Products for Research, Inc).

All samples were pumped with 40 + 2 mW of power.

RESULTS

Electronic absorption spectra of [Ru(L)3]* and [Ru(L)2(epoxy-phen)]* complexes
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The electronic absorption spectra of the [Ru(L)3]* and [Ru(L)2(epoxy-phen)]* series
measured in 1 M POs buffer at pH 6.5 exhibit a typical ligand-centered (LC) m— * transition
in the UV and metal-to-ligand charge transfer (MLCT) d—>m* transitions in the visible spectral
region (Figure S5).#” Across both series, the m—m* transition primarily shifts to lower energies
as the substituent becomes more electron withdrawing (Table 1, Table S2). A general shift to
lower energies is observed for the MLCT transition across both [Ru(L)3]** and [Ru(L)2(epoxy-
phen)]?* series as the bpy substituent becomes more electron donating or electron
withdrawing, with those of [Ru(dmabpy)s]** and [Ru(dmabpy):(epoxy-phen)]* observed at
significantly longer wavelengths than the unsubstituted compounds (Table 1, Table S2).

Photophysical properties of [Ru(L)3]?* and [Ru(L)2(epoxy-phen)]* complexes

Time resolved and steady state luminescence experiments were performed on the [Ru(L)3]*
and [Ru(L)2(epoxy-phen)]* series to evaluate the photophysical properties in aqueous solution

under catalytically relevant conditions. Upon excitation into the MLCT band of each Ru

Table 1. MLCT and 77*absorption maxima, *MLCT emission maxima, estimated
quantum yields, time constants, and ascorbate quenching constants for the [Ru(L)3]*
and Ru(L)NiRd series.

L= | dmabpy | meob | dmb | doub | bpy | phen | deopy |
[Ru(L),F*
Aapsrmax (T->T7%) (NM) 262 275 286 288 286 262 308 203
Aussmar (MLCT) (nm) 519 477 460 460 452 447 469 456
Aammax (CMLCT) (nm) 690 659 619 617 605 592 627 611
PL Quantum Yield (%) |  0.06 0.18 235 1.36 4.20 6.4 7.85 5.80
7o (ns) 48+04 | 61£008 | 320£04 | 429+10 | 588404 | 805:1 | 895%2 | 7541
K, (M1s1) 1.80x 106 | 2.49x 105 | 2.70x 105 | 1.69x 105 | 3.39x 107 | 2.88x 10° | 2.01x 10° | 2.18 x 10°
Ks (M) 0.27 0.46 49 40 14 - - -
KyTo/Ks® 0.34 0.35 0.14 0.17 14 - - -
Ru(L)NiRd
Aaporman (T->T7%) (NM) 268 276 283 286 285 264 208 292
Auvsrmax (MLCT) (nm) 520 457 457 454 454 452 461 457
Aermmax CMLCT) (nm) 676 657 626 618 616 614 622 629
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complex, a luminescence signal assigned to the spin-forbidden 3MLCT state was observed
(Figure S6, Table 1, Table S3). Emission spectra recorded at 77 K were used to obtain the Eoo
value for each complex (Figure S4). Most of the Ru complexes remained highly emissive at
room temperature, although the luminescence intensities and corresponding emission
quantum yields were significantly lower for [Ru(dmabpy)s]*, [Ru(meob)s:]*, and
[Ru(dmabpy)2(epoxy-phen)]* (Table 1; Figure S6). TCSPC luminescence lifetime experiments
on the [Ru(L)s]** series show single exponential decay, with the lifetime (1) of the SMLCT
excited state generally increasing across the series as the substituents shift from electron
donating to electron withdrawing (Table 1; Figure S7). The [Ru(L)2(epoxy-phen)]?* complexes
exhibit biexponential decay, with the amplitude of the longer component generally increasing
as the substituent becomes more electron withdrawing (Figure S8, Table S4). Stern-Volmer
quenching analyses of the emission intensity and the lifetimes across the [Ru(L)3]* series show
that ascorbate predominantly quenches the 3MLCT excited state through a dynamic quenching
mechanism, as the lifetime varies linearly with ascorbate concentration (Figure S9). However,
as deviations between Io/I and 1o/t values suggest additional contributions from static
quenching with the unsubstituted ligand and those with electron donating substituents,*
lifetime measurements were used to obtain the bimolecular quenching rate constants ranging
from 10° to 10° M's™!, with values that decrease with increased electron donation from the
substituent.*?

Electrochemistry of [Ru(L)s]*
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Cyclic voltammetry (CV) was used to determine the relevant reduction potentials for the
[Ru(L)3]** complexes (Figure S10, Table S5). Each complex undergoes one reversible metal-
centered oxidation with formation of the [Ru(L)3]*" state (Ru*’* redox couple) (Figure S11,
Table S5).# Multiple ligand-centered reduction processes of the bipyridine ligands are also
observed, the first of which forms the [Ru(L)2(L~)]* state (Ru?>* redox couple).”® Both
[Ru(phen)s:]** and [Ru(dtbub)s]* complexes show a large peak near the ligand-centered
reduction, suggesting two-electron oxidation back to the Ru* state. Both the Ru?/?*and Ru**
redox couples are strongly correlated with the substituent Hammett parameters, impacting the
corresponding excited state reduction potentials (Table S6). The [Ru(L)3]** series was used to
approximate the [Ru(L)2(epoxy-phen)]* potentials due to the irreversible reduction of the
epoxide moiety around —-900 mV vs NHE (Figure S12).21!

The Eo values and redox potentials of the [Ru(L)3]** series were used to generate modified

Latimer diagrams for the Ru(L)NiRd constructs to determine the free energies of

W

A * 2+ 112+
*[Ru]2+[Ni]2+ [Ru]?*[Ni]

-0.32V 0.54V
f 213eV || hv Kk
3

[Ru**[Ni]* N [Ru]2+[Ni]2+<L [Ru]*[Ni]**
245V 1.59V

Potential

[RUP*INi]*  [Ru*[Ni*  [Ru]*[Ni]*

Figure 2. Modified Latimer diagrams for photoinduced electron transfer for (A)
Ru(bpy)NiRd and (B) all Ru(L)NiRd constructs colored as indicated in Figure 1. Reduction
potentials for NiRd and Ru(L) are taken from ref. 32 and Table ST5.
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intramolecular photoinduced ET processes (Figure 2, Figure S13). This analysis predicts that
the most electron donating substituents could enable formation of the [Ru]**[Ni]* intermediate,
while the electron withdrawing substituents strictly favor the [Ru]*[Ni]** species.
Emission measurements of the Ru(L)NiRd series suggest intramolecular charge transfer
Each Ru phototrigger was covalently attached to the endogenous non-coordinating C31

residue near the active site of the protein, as previously described,**% with the d->d charge
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Figure 3. (A) Absorption spectra (/nset. Zoomed in view of M-L charge transfer region) and
(B) emission spectra of Ru(L)NiRd constructs (colored as indicated in B).

transfer transitions used to verify that the protein remained metalated and electronic structure
of the active site unchanged (Figure S14). The UV-vis and emission spectra of the Ru(L)NiRd
complexes show the same trends as in the [Ru(L)3]* and [Ru(L)2(epoxy-phen)]* series (Figure
3, Table 1, Table S7).

The TCSPC emission lifetimes across the Ru(L)ZnRd series follow biexponential decay, with
comparable lifetimes to the [Ru(L)2(epoxy-phen)]* series (Table S8), suggesting the protein

scaffold does not directly quench the *Ru" excited state. In most cases, the Ru(L)FeRd and
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Ru(L)NiRd constructs exhibit an additional, fast decay component (t1) that has been previously
assigned to intramolecular charge transfer between the metal centers for L = bpy (Figure 4,
Figure S16, Table S8).3” For Ru(L)FeRd, the values for t1increase from 2 — 18 ns as the para-
substituent becomes more electron withdrawing (Table S8). For Ru(L)NiRd, on the other hand,
the values for this short ticomponent range from 4 — 22 ns and decrease as the substituent
becomes either more electron donating or electron withdrawing relative to bpy. Very short
lifetimes overall are observed for Ru(dmabpy)NiRd and Ru(meob)NiRd, precluding resolution

of 71 for Ru(dmabpy)NiRd and Ru(dmabpy)FeRd.
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Figure 4. TCSPC luminescence decay traces of representative Ru(L)ZnRd (black),
Ru(L)FeRd (red), and Ru(L)NiRd (green) complexes in 1 M phosphate buffer, pH 6.5. Best-
fit traces are overlaid (grey).

Charge transfer directionality within Ru(L)NiRd investigated through nanosecond transient
absorption spectroscopy

The modified Latimer diagram (Figure 2) indicates that the [Ru]*[Ni]* intermediate should
be formed in the case of L = dmabpy, which would be expected to be observed at approximately
410 nm.>> However, though nanosecond TA experiments performed from 355 nm — 525 nm

show the typical positive absorptive features from the 3MLCT state of the Ru(Il) complex
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Figure 5. Representative TA spectra of Ru(L)NiRd (green) and Ru(L)ZnRd (black) in 1 M
phosphate buffer, pH 6.5, measured 20 ns after excitation, for L = (A) dmabpy, (B) bpy, and
(C) btfmb, as labeled.

associated with the reduced bpy ligand at 370 nm and the ground state bleach at 450 nm, no
significant spectral differences between the Ru(L)NiRd and Ru(L)ZnRd spectra were noted

(Figure 5, Figure S17).
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A closer look at the transient kinetic traces at 520 nm reveals a positive absorption feature

when L = bpy, dcbpy, and btfmb (Figure 6, Figure

1mAU|
S18), with a lifetime that increases as the

substituents become more electron-withdrawing ' dcbpy

(Figure S19, Table S9). This feature is attributed to .
Py

AOD

charge transfer from Ni* to Ru?, as it matches the

spectroscopic signature of [Ru]* ¥ and is not “MWWW
dmb
observed when M = Zn, Fe nor with any electron “H‘ N ' I W finy h“ e

donating substituents. The slight, persistent Time (ps)

520 nm for Figure 6. TA difference traces at 520
nm of Ru(L)NiRd - Ru(L)ZnRd,

1 11

Ru(dmabpy)Rd and Ru(dcbpy)NiRd may arise normalized to the amount of .Ru
bleach. Samples contained
approximately 50 pM Ru(L)MRd and

X7AYA mnnannﬂ in 1 ]\/[ 1'\]1 f\Q‘l‘\]’\ afre

absorption offset evident at

from slight photoinduced changes around the
ruthenium binding site within rubredoxin, consistent with slight variations in the absorption
spectra around ~740 nm. We note that these are the two substituents imparting a charge to the
bpy ligand, which may introduce additional interactions. Across the Ru(L)ZnRd and
Ru(L)NiRd series, the single-wavelength kinetics at 370 nm and 450 nm are similar to those
measured from the emission decays (Table S10, Figure S20-S21), indicating that the observed
ground state bleach originates from the 3MLCT state. As the transient absorption spectra of
Ru(L)ZnRd are similar to those of [RuLs]* for L = bpy, the excited state has been suggested to

be localized on the bpy ligands rather than the cysteine-bound dihydrophenanthroline
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ligand.¥” Processes faster than the 10-ns instrument response time could not be resolved in TA
experiments.
Photodriven hydrogen evolution correlates with driving force

To connect the nano-to-microsecond timescale experiments with the slower catalytic
processes and elucidate how the photophysical and photochemical properties of the ruthenium
phototrigger impact the overall hydrogen evolution activity, light-driven assays were
performed on the Ru(L)NiRd series. Hydrogen evolution was monitored using gas

chromatography (GC) analysis. Ascorbate was used as the sacrificial electron donor, and
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Figure 7. (A) Light-driven hydrogen evolved by 10 uM Ru(L)NiRd in 1 M phosphate, pH
6.5, with 100 mM ascorbate at defined time points (circles). Fits modeled with Michaelis-
Menton kinetics are shown as lines. (B) Results of Ru(L)NiRd GC assays showing

maximiim limitine amonnt of H> nradiiced nlotted asainst Hammett narameters for T. as

evolved H» gas in the headspace was measured at defined time points. Ru(bpy)NiRd,
Ru(dmb)NiRd, Ru(dtbub)NiRd, Ru(btfmb)NiRd, and Ru(dcbpy)NiRd are all active for
hydrogen evolution under the tested conditions with varying catalytic rates, while no
hydrogen was observed with Ru(meob)NiRd, Ru(dmabpy)NiRd, or Ru(phen)NiRd (Figure

7A). Varying pH, quencher concentration, excitation wavelength, or using BNAH as the
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sacrificial electron donor did not result in hydrogen gas being produced by Ru(dmabpy)NiRd.
We note that Ru(bpy)NiRd is active for hydrogen evolution with BNAH as a sacrificial
electron donor (Figure S22), albeit with lower turnover than observed with ascorbate. As
previously reported, all covalently attached constructs produced more hydrogen than assays
containing a stoichiometric mixture of [Ru(L)3]?* and NiRd (Figure S23).2® Hydrogen evolution
activity was modeled with Michaelis-Menton kinetics®® and found to correlate with the
electron donating ability of the substituent, contingent on observation of any photodriven

activity (Figure 7B).

DISCUSSION

Bipyridine substituents perturb ground and excited state properties of the ruthenium
phototrigger independent of the NiRd catalytic site

The photophysical and electrochemical properties of the ruthenium phototrigger report on
the ground and excited state properties of the complex (Figure 8A), suggesting that an increase
in electron donation from the para-substituent reduces m-backbonding and destabilizes the dr
orbitals, raising their energy (Figure 8B). This effect has been observed in other studies on
modified Ru bipyridine complexes,*>* where a slight decrease in the MLCT energy with
electron withdrawing substituents reflects a small decrease in the low-lying m* energy level of
the ligands. The bimolecular quenching rate constants also show a strong correlation with the

excited state reduction potential (Figure 8C). These types of linear free energy relationships
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have been previously observed; however, they do not fully explain the hydrogen evolution

behavior across the Ru(L)NiRd series, as discussed further below.

In contrast to the systematic modulation of the phototrigger properties across this series, the
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Figure 8. (A) Lifetime of *[Ru(L)s]?* vs. Hammett parameters. (B) Semi-quantitative partial
MO diagram illustrating the effect of the substituents on the orbital energies of [Ru(L)3]*.
(C) Bimolecular quenching constants between *[Ru(L)3]** and ascorbate relative to the
experimentally determined Ru*”* couple.

catalytic NiRd active site remains unchanged (Figure S14), highlighting an advantage of using

a protein as a scaffold; the structure decouples the electronic properties of the phototrigger

from the catalyst. While the ruthenium and nickel are in sufficiently close proximity to

promote intramolecular electron transfer (vide infra), the properties of each can be tuned

independently, suggesting orthogonal routes for global system optimization.

Time-resolved spectroscopy reveals long-lived, charge-separated species

Direct reductive and oxidative quenching of the *Ru'" excited state by Ni and Fe, respectively,

is observed from TSCPC lifetime measurements across all Ru(L)FeRd and Ru(L)NiRd

constructs, except for the Ru(dmabpy)MRd series, where this additional component may lie
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Figure 9. (A) Rates of forward, excited-state electron transfer, ki, determined through
TCPSC experiments as a function of the driving force for forming the [Ru]‘[Ni]* state. (B)
Rates of back electron transfer, k2, determined through transient absorption experiments
as a function of the driving force for regenerating the [Ru]*[Ni]* state.

within the time resolution of the instrument (Figure 4, Table S8). The rates (ki) for forward
ET generally increase with driving force for formation of the [Ru]‘[Ni]* state (Figure 9A). The
anomalously high rates observed for L = meob suggest that both oxidative and reductive
quenching may be operative with this substituent, as both pathways are thermodynamically
accessible (Figure 2B). While direct spectroscopic evidence of the [Ru]*[Ni]* intermediate was
not observed through nanosecond TA spectroscopy (Figure 5, Figure S17), the [Ru]®*
absorption feature is anticipated to appear around 410 nm with a low extinction coefficient,
which may be masked by the low signal-to-noise ratios in the experiment.”> The dependence
of intramolecular quenching rate with driving force roughly agrees with the exponential
behavior expected from Marcus theory,” with the monotonic increase indicating the total
reorganization energy must be greater than 1 eV.

The back electron transfer from the [Ru]*[Ni]** state to regenerate the ground state can be
resolved using TA spectroscopy, with kinetics monitored at 520 nm, for L = bpy, dcbpy, and

btfmb (Figure 6, Figure S19). These rates are much more similar across the three constructs
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but increase slightly with increased driving force, suggesting a lower bound for reorganization
energy of 1.6 eV. Forming the oxidized [Ni]** center in Rd is anticipated to be associated with
large reorganization energies, given the distinct coordination preferences between [Ni]** and
[Ni]>* centers. These experiments provide the framework to begin to resolve this information,
though access to a larger dynamic range in driving force will be required. Nonetheless, the
extremely rapid forward ET accompanied by slow recombination indicates formation of a
long-lived, charge-separated state, analogous to the highly efficient charge separation seen in
photosynthesis. This lifetime can be stabilized through tuning the potentials for each ET
process, which can guide the design of such motifs in synthetic solar fuels systems.

A multivariate approach is necessary to optimize solar fuel production

The underlying hypothesis for this study was that increasing the driving force for formation
of the putative catalytic [Ru]**[Ni]* intermediate, by increasing electron donation on the
ruthenium phototrigger, would increase the amount of hydrogen produced by Ru(L)NiRd in
a systematic manner. This hypothesis was partially validated, as among the five catalytically
active constructs, a correlation was indeed observed between the electron-donating ability of
the substituted phototrigger and the amount of hydrogen gas formed (Figure 7B). The lessons
from these systems may be leveraged to take advantage of known photophysical and
photochemical properties for rational optimization of functional systems for solar fuel
production. However, the most electron-donating systems, Ru(dmabpy)NiRd and
Ru(meob)NiRd, were completely inactive towards photodriven hydrogen evolution, which

has been attributed to a combination of short excited-state lifetimes due to rapid non-radiative
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quenching and slow, unproductive reductive quenching. Although static quenching does
appear to dominate over dynamic quenching in the L = dmabpy and L = meob systems (Table
1), this is also the case for constructs that show high levels of hydrogen production activity
(e.g., L= dmb and L = dtbub), necessitating an alternative explanation for the lack of hydrogen
produced. The increase in hydrogen gas production with increased electron donation into the
bpy ligands also cannot simply be attributed to quenching rates, as the quenching rate
constants were found to correlate strongly with driving force for formation of the [Ru]* species
and thus inversely with the electron donating ability (Figure 8C, Figure S24). Therefore, we
postulate that the increased driving force for the formation of the [Ru]*[Ni]* species
contributes to the hydrogen evolution capabilities of the NiRd enzyme, even though this
species does not accumulate to such an extent that it can be observed spectroscopically.
Despite the wide range of excited state reduction potentials accessed, the differences in
activity across the series are only modest. This observation underscores the intricacies involved
in designing an artificial enzyme in which multiple electron and proton transfer steps must be
coordinated. This work has primarily addressed phototrigger attributes contributing to initial
formation of the catalyst reduced state, i.e., PSCAT" relative to PS*CAT" (Figure 1A). This study
reveals that the bimolecular reductive quenching pathway is not solely responsible for driving
catalysis, though it does remain dominant. While the inactivity of Ru(dmabpy)NiRd and
Ru(meob)NiRd can be understood in the context of excited-state lifetime and quenching rate,
Ru(phen)NiRd is also inactive for hydrogen evolution, despite exhibiting a long excited-state

lifetime and a high quenching rate constant. We consider that the charge density of both the
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excited state and the reduced, quenched phototrigger may also play a role in modulating
activity. For L = phen, charge transfer in the excited state may be delocalized across the
phenanthroline ligands, lowering the propensity for productive ET to the nickel center.>
Rapid back ET also cannot be ruled out. As phenanthroline ligands can be readily modified,>”>*
future studies may focus on using substituted phenanthroline ligands to drive localization of
the excited state towards the protein, and we hypothesize that varying the energetics of these
ligands can be used to restore ET to the nickel center. For L = btfmb and L = dcbpy, the reduced
state may be localized away from the protein-bound bipyridine ligand, changing the electron
transfer pathway between the phototrigger and the catalytic site and likely decreasing the
intramolecular ET rate. This may also contribute to the decrease in activity for these systems.

Beyond thermodynamic considerations for forming a catalytically relevant intermediate, the
rates of each subsequent elementary step in catalysis must be considered, as they also
contribute to the overall activity of the artificial enzyme. At present, these steps are masked.
The divergent timescales of intramolecular ET processes and H2 formation obscure observation
of catalytic intermediates other than the rapidly formed one-electron reduced species, because
species that are slow to form do not accumulate. Future work may take advantage of sequential
photoexcitation experiments coupled with mixing steps to probe downstream intermediates
formed during catalysis. At present, the measurement of total H2 produced provides a proxy
for the overall efficiency of the downstream processes, which, from this work, can be

decoupled from the initial reduction step. It is apparent that, despite the slight improvement
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in catalysis based on ET driving force, the rational optimization of an artificial enzyme-
photosensitizer construct requires consideration of a multitude of interacting factors.

This study provides a new approach in the growing field of artificial metalloenzyme design,
one that capitalizes on the method of initiating catalysis, which was met with modest success.
The Ru(L)NiRd constructs complement a body of work using NiRd as a platform for an
artificial hydrogenase that includes generating a large library of secondary sphere mutants,*
choosing rubredoxin sequences from diverse organisms,® developing active site mutants, and
performing computational studies.’’ These prior studies have driven stepwise, one-
dimensional improvements to the system. However, the data presented here contribute to an
increasingly rich database on NiRd and other artificial metalloenzymes relating well-defined
molecular factors to activity. As machine learning algorithms become better equipped to
manage what is still sparse data, we believe these tools may offer a powerful complement to
the rational design approach pursued in this and prior work. Ultimately, given the complex
dependence of activity across a number of competing factors, as illustrated in this work, these
artificial intelligence strategies may facilitate multivariate optimization of artificial

metalloenzymes for small molecule activation and solar fuel production.

CONCLUSIONS
In this work, we modulated the light-driven H: evolution activity of the artificial
metalloenzyme Ru(L)NiRd by systematically tuning the para-substituent on covalently

attached ruthenium complexes. Investigation of photophysical properties connected the
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behavior of the free photosensitizer in aqueous solution to those of the covalently attached
complexes. Gas chromatography assays revealed a correlation between the electron donating
ability of the substituent and the amount of hydrogen gas evolved, highlighting the
significance of tuning the driving force for catalytic activity. However, photophysical factors
beyond driving force, such as lifetime and quenching rates, also had a substantial impact on
activity, dominating the observed catalytic performance in some constructs. This study
underscores the complexity of optimizing artificial enzyme-photosensitizer constructs and
emphasizes the need to understand the interplay between the many factors influencing

multistep catalysis.
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Directly coupling catalysts to light absorbers represents a promising strategy for solar fuel
formation, but how to optimally match each component is not well understood. In this work,
a series of phototriggers were bound to an artificial metalloenzyme for light-driven hydrogen
production and characterized using time-resolved spectroscopy and activity assays. As
hypothesized, the H: generated correlates with excited-state reduction potentials, though

competing photophysical factors were found to have a significant impact on overall activity.
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