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ABSTRACT: Noble-metal photosensitizers and water reduction co-catalysts (WR
presentthe highestactivity in homogeneouphotocatalytic hydrogen productiofihe
search for earth-abundant alternatives is usually limited by the time required to s¢
catalystcombinationshoweverhere, we utilize newly designed and developed hig 7
throughputphotoreactordor the parallel synthesisof novel WRCs and colorimetric C6 Spécies for
screening ohydrogen evolutionThis unique approach allowed rapid optimization g B SoillorWAS
photocatalyticwater reduction using the organic photosensitizeEosin Y and the eLoL:
archetypal cobaloxime WRC [Co(GJp¥Cl], where GL1 is dimethylglyoxime and p KO
pyridine.Subsequent combinatorsinthesis generated 646 unique cobalt complex 8¢

the type [Co(LL),pyCl], where LL is a bidentate liganthat identified promising ne *" :
WRC candidates for hydrogen producti@ensity functionaheory (DFT) calculations S
performed on such cobaloxime derivative complexes demonstrated that reactivity depends

on hydride affinityAlkyl-substituted glyoximes were necessary for hydrogen production and showed increased activity when paire«

with ligands containing strong hydrogen-bond donors.

.INTRODUCTION dyes,such asEosin Y (EY) (Figure 1a), are significantly

Society is faced with an increasing demand for eleardipg ~ cheaper than metal-based phosphors and also exlioto-

to a push for sustainable or renewable alternBlasgite the ~ Physics ame_‘negglﬁ o both synthetic photochem?ét??and
increasing implementation aflectricity generated via solar, Waterreduction.” > Co-catalysts with the highestirnover
hydro, and wind power,chemicalfuels continue to rely on also contain noble metalsspecially colloidgplatinum and
carbon-based sourceltorage and transpordf these feed-  palladiumbut they can also be replaced with earth-abundant
stocks is criticah sectors like transportation and manufactur-alternativesparticularly molecular complexesaafalt,iron,
ing, but their use also leads to substantahissions66% of ~ and nickel’'"Specificallythere is a great variety in reported
global greenhousegas emissionsresult from industrial cobalt complexeswith ligand derivativesthat include 2,2'-
processegpowering transportationor producing heatand bipyridine, glyoxime dithiolene|” macrocycle$, and Schiff
electricity. Hydrogen isan emerging alternative to replace  base$? The facile redox chemistrythat allows cobalt to
fossil fuels; in addition to its high calorific value and sole  transition between its +3 and +1 oxidation states in single-
combustion product of watéris also an important feedstock electron steps enablesa variety of potential mechanistic
in oil refining and ammonia fixation? It is therefore pathways; water is reduced either by monomolecular
unfortunate thathydrogen production isurrently sustained  protonation ofcobalt(l1l or Il) hydride or by a bimolecular

primarily by steam reformingwhich is extremelycarbon-  pathwaywhere two cobalt(lll) hydrides reado evolve H,
intensive:every metric ton ofhydrogen produced results in  (Figure 1b)."”~2° Multiple proposed mechanismfor this
almost seven metric tons of carbon diokide. catalystmoiety are still debatedin the literature!>2°~3°

Photocatalytic water reduction pr;esents a carbon-emissionsomputationalwork has also provided support for the
free method forgenerating hydrogért. This homogeneous particularorder of reaction intermediates and shed lighi
process requires only three molecular componenfgioto- potential rate-limiting steps for electrocatalytic water reduction

sensitizer to capture light and convert it to chereiaigya inyolving cobalt specied’*" Cobaloxime complexesthat
water reduction co-catalyst (WRC) to drive the redox reaction,

and an organic sacrificialdonor to supply electrons.The i
majority of reported photocatalytic systems utilize noble-met&Fceived: September 12020
photosensitizersommonly made from iridium(llljhenium-  Published: January 72021

(1), rhodium(lll), ruthenium(ll),and platinum(I1~"° While

these typically demonstrate high activity and efficienttyg

rarity, expenseand toxicity of noble metalsnecessitate the

search for more sustainable alternativesiinescent organic
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AN computationatosts and do notdiminish the need for large
(@) ) O experimentalatasets.
B S oo B B Expanding on our recergffort to design more affordable
O O — = "I I high-throughAputexperimentationfor photocatalyticwater
HO o oH L - g gl - reductiort;”**here,we report the first application gfarallel
Br Br Br Br synthesis and screening in a homogeneous catalytic system that
EY Ev> containsno noble-metalcomponentsNewly designed and
developed photoreactors allowed rapid optimizatioanéd
(b) reaction conditionsncluding concentration oach compo-
R ST ST nent,water fractionand solution pHEarth-abundant WRCs
[cot + v —— comn | el ) o based on the cobaloxime scaffold were synthesized in situ,
TEOA* Path A Cot 7 N co avoiding the need for traditiontadtch synthesis and enabling
. Ey>  Ev® the generation ofa st5ructurally diverse combinatoriirary
EY® DT with tunable activity> Computationalodeling allowed the
s % *EYZ  Heterolytic A A o explorationof the structure—activityrelationshipfor bis-
Co Species Path B glyoxime complexes and to determine the energy changes of
e 4 [ S—d reaction steps that dictate catalytic activity. Hydrogen
YA HomeWie | 2coth ——2Co! + H, production across this library was monitored using a
LY chemoselectivesolorimetrictape and identified promising
new WRC candidates with higheeactivity than the parent
o) < X [Co(GL1),pyCl] complex.
c O "o Qo "o
D R /\g/ffgg.ﬂi X = H [GL1] or B=xpeRiIVENTAL SECTION
o PN o PN BF2[GL1BF:] Synthesis of Glyoxime Derivate Ligands. All reagentsand
x—© S solventswere commerciallysourcedand used without further

. . o . urification. Nuclear magneticresonancgNMR) spectrawere
Figure 1. (a) Structure of Eosin Y in its neutraland photoactive gbtained using a 500 BrgukeAvance i of(a 508 BrupkerAvance

anionic form. (b) Reportedmechanismdor light-driven water eo spectrometef'H, 500 MHz; 1°C, 125.8 MHz): spectra were
reduction using Eosin Y and cobalt co-catalyst. Note that an oxidajiy& e nced to residual solvent ;,)eak’s. Liéand‘éﬁG’HﬂWNHz 48

quenching pathway fdtosin Y involving Co species is often also NH32° and NH4%° and cobalt complexegCo(GL1),pyCl] and
discussedc) Structure of cobaloxime water reduction co-catalyst. [Co(GL1BR,)pyCIP' were synthesizediccordingto previously
reported procedure®etailed synthetic proceduresid character-
ization are provided in the Supporting Information.
contain two bidentate dimethylglyoximes (GL1) and an axial regfgtiirginzféfgtiEr?:ﬁi;rgsberHrngnoe%e%egﬁcﬁg?;gg?;?slyggggﬁéd and
F&%?g?j';;g;e&g]aggé?ﬁsgﬁg (I)};gggs,lg?ég)g’er?\,a;ﬂ\?gI[a(r;lg_ developed (Figure 2) in our laboratotythe organic dye Eosin Y
(GL1BR,),pyCl] (Figure 1c),are robust water reduction co-
catalystsknown to evolve hydrogen in combination with
noble-metél®*? and organic dyé&''®*%hotosensitizerSome
variationsof the glyoxime ligand structure have also been
tested including a formal tetradentate diimine-dioxime
architecture generated by alkytidging®>* and bioinspired
tethering of the glyoxime and photosensitizer moiéties.
Optimization ofa single reaction (2H + 2e™ -~ H ,) has
predicated extensive ad hoc screening of new WRC
candidate$”'” howeverthe large variety in reported assay
conditions makes comparison of promising candidates
difficult®® Parallelizechigh-throughpuéxperimentation pro-
vides a standardized platform that enables the optimization g
multiple reaction parameters and rapid combinatedegen-
ing for novel catalystsThese advantageparticularly along Figure 2.(a) White LED strips and camera attached to a plexiglass
with big data analysisirive the continued uptake af high- cage for monitoring .reaction.prog_ress; (b) 108 rea_ction.vials (1 mL)
throughput approach in fields as diverse as biocatalytic activi 7e.red |n. H-sensitive colorimetric tape sealed with silicone and
pharmaceuticalynthesisand toxicolog§® ¢ Combinatorial ~ PreXigiass; (c) two 100 W blue LED chips (440 10 nm).
synthesis has been applied to the discovery of new
heterogeneous photocatalysts including,Ti@noparticlés (EY) served as a photosensitizer in a mixture of 2-ethoxyetttanol
and conjugated organic po|yrﬁgm1|t it is still limited by the ~ waterwith a large excess dfiethanolamine (TEOA) as sacrificial
need for costly automated equipmenand characterization red_ugtantReactlons were irradiated for at least 16 h using plue light-
platforms. Computational screening does not require expensiiitting diodes (LEDs) (440 + 10 nrapd progress was monitored
experimentainfrastructureand theoreticabnalyses ofarge viatime lapse photography (10 min intervals) af commercially

lcul li ies : if . availablecolorimetrictape sensitiveto hydrogen. Reaction vials
calculated property libraries have identified promising contained a totalolution volume of 650 pChe change in color of

candidates afitride, oxynitrideand oxide photocatalysts for  the hydrogen-sensitive tape was digitized using a Mathematica script
heterogeneouwater splitting. **“ These simulationswhile and plotted vs reaction time. The cobalt-basedWRC [Co-
providing some predictive capability, still incur inherent (GL1BR,),pyCl], selected forits stability and performandg;**2°
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Figure 3. (a) Optimal conditions for high-throughput photocatalytic water reduction to hydrogen gas; surface plots of maximum rates for (b) wz
fraction vs WRC and (c) EY vs WRC; (d) series of WRC concentrations at water fractions demonstrating the dependence of incubation time o
the WRC contentand (e) pH dependence ¢fydrogen evolutionyith error bars representing the standard deviatiéouofdifferent WRC
concentrationsind quadratic fit:> 0.99.

was used to determine optintaaction conditionsncluding water  S2). The incubation time before hydrogen was detected ranged
fractiongconcentration of each componand pH Optimal reaction  from 200 to 900 min depending on sample conditions (see the
conditions were determined by the calculatidheofnaximum rate Supporting Information for detailsYhe shortesincubation

of hydrogen production (Figure 3a). . : .
Parallelized Catalyst Screening.Novel WRC complexes were times were observed at relatively low WRC concentration

synthesized in situ and screened via our photorea&ppsopriate (0.4-0.8 mM) regardless ofhe waterfraction (Figure 3d),

equivalents o€obaltchloride ligand,and pyridine solutiong 2- and we speculate that this might represent the time required to
ethoxyethand(total volume,520 L) were sequentially added in ~ generate the active catalyspeciegFigure 1b). Given the
aliquots to reaction vials and allowed to stand for 10 min. complexityof the surfacesobserved in theseexperiments
SubsequentlEY in solution with 30% TEOA in water(130 pL) (Figure 3b,c)yvarious combinations pfoposed mechanisms

was added via a pipette and photocatalytic reactions were monitongesly contribute to the activity differently based on reaction
by photography every 10 min for a tataff 000 min. conditionsThe correlation between hydrogen production and

- water-to-cobalt ratio revealed a similar parabolic relationship,
RESULTS AND DISCUSSION with minimal incubation timesat ratios of 10 000-20 000
Optimization of ~ Photocatalytic Water Reduction. (Figure S2) Overallimited hydrogen was produced at both
Homogeneouswater reduction typically requires organic large and smatholar equivalents of water; we rationalize the
solvents to ensure catalysblubility butcan resultin a low lower activity at small molar ratios by the decreased likelihood

water conterft® The system developed here utilized a solven©f catalyst/substrate interactidieverthelesdyydrogen was
mixture of ethoxyethanol and water; ethoxyethanol served ag#duced even when the water contemés increased up to
proxy for ethanol, in which cobaloximesare typically 0.5,demonstrating a reduced reliance on organic solvents that
synthesizedut with a higher boiling point to avoid detection is more representative ofommercially relevantonditions.
issues.Although EY demonstrates solvatochromismthe Waterfraction was fixed a0.2 in further experiments ai
absorption of EY in water vs that in ethanol differs provided the highest activity acrossthe broadestWRC
minimally>%>>First, we tested the correlation between water concentration range.

content and WRC concentration on hydrogen production The WRC exhibited an effective working range between 0.2
(Figures 3b and S1). Lower concentrations of WRC performedd 2 mM, assuming a fixed EY concentratiamd reached
better with a smaller water fractiand higher concentrations peak activity at approximately 1 mbditside this rangétle

were similarly optimatlith a greater water contertithough to no hydrogen production was deteckytirogen produced

not the only factor responsiblefor strong performance, at low catalyst concentrations (<0.2 mM) is likely below the
conditionswith the highestperformance centered around a system’s limit of detectioBonverselyat high concentrations
catalyst/water ratio of approximately 1:7000 molecules (Figu(2 mM), highly colored intermediatesmay limit light
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Table 1. Representative Ligands (Grouped by Class) Screened in Heteroleptic [GoyOl]) Complexes, with Maximum H
Production in Micromoles for Reactions Run at Optimal Conditions (1 equiv Co@lequiv LL,1 equiv py) for 1000 mif?

= =
° QO
2 \d
Glyoximes > <
/ \ / \ V. \ / \
HO-N N-OH HO-N N-OH HO-N N—-OH HO-N N-OH
GL1-15.6 GL4-12.2 GL14-0.3 GL15-0.3
Bipyridines and — — = = =
Phenanthrolines /N \ N S N N / )
—N N N N N N —N N=
BP1-0.3 BP3 - 0.4 BP4 - 0.5 BP6 - 0.8
Cl Br,
%}C. %} 0
Hydroxyquinolines 74 74 7 |
=N OH =N OH =N OH =N OH
HQ1-0.3 HQ5 - 0.4 HQ8 - 0.4 HQ10-0.4
-N = -N = X — N
Hydrogen Bond Donor NTN NN \ | |\ 4
: N N- ~ N N\ 7
Nitrogen Heterocycles N~N N N N N N N N
H H H H
NH1-0.2 NH2 - 0.4 NH4 - 0.3 NH5 - 0.2
i - </ ;:2
Miscellaneous W >_@ p 4 _
Ho,N—N N—NH, HO-N N HO-N N N NH>
MC2 - 0.0 MC3-0.0 MC4 - 0.0 MC6 - 0.3

@See the Supporting Information for a complete list of ligands used in this study and a comprehensive list of egpeltsnental

absorption and increase the likelihoodkobwn bimolecular  that the optimized reaction parameters here are for the parent
degradation pathways* We next compared hydrogen complexSome other Co WRCs are known to operate under
production as a relationship between WRC and EY different ideatonditionsparticularly at lower pEf

concentrationgFigures 3¢ and S3). Hydrogen formation Using the optimized reaction conditions, a uniform plate was
demonstrated aconsiderablyhigher dependenceon WRC tested as a means of determining the well-toeslt of the

rather than EY concentratiosLiggesting that turnover at the detection systenT.he average generated Hcross a 96-well
cobalt co-catalyst was slower than photosensiti£itimal plate was 16.0 + 1.3 pmol,corresponding to a well-to-well

EY and WRC concentrations of 0.6 and 1.2 neSbectively, error of 8.2% (Figure S5)Control reactions confirmed that
were selected athe greatestrate averaged acrossonzero photosensitize¥VRC,and light were all necessary to produce
concentrations of the inverse component. hydrogen (Figure S6). Mercury poisoning tests in  both

We also expected pH to affect the performance of both thescreening scale and 10x screening scale confirmedthist
WRC and the photosensitizeFhe operation ofcobaloxime  reaction proceeds without the formation or significant catalytic
WRCs is pH-dependeritand the fluorescence quantum yield contribution ofcobalt colloids (Figures S8 and S9 and Table

and lifetime of EY are the highestabove pH 4 (EY pK, = S3).

3.8)!"°° Indeed, the deprotonatedquinoid form of EY2- Ligand Screening. We began screening for new molecular
(Figure 1a) is suggested to bethe photoactiveform!"'>  cobaltWRCs using our optimized high-throughlétform.
Hydrogen evolution reactions were performedatied pH, Importantly, our reaction parametersare optimized for
modified by the addition of potassium hydroxide dnydro- homoleptic cobaloxime complexes and alternative Co WRCs

chloric acid, and displayed activityindependentof WRC are known to perform better in different solvents and at lower
concentration (Figures 3e and S4). Above an upper pH limit pH. As other studies have varied the axial monodentate ligand
~10, no hydrogen was produced,while below pH 7.5, a in cobaloxime WRCS;°°-°'we instead focused on exploring
substantiaprecipitate assigned to the protonated reductant the effect of equatorialligands other than the common
(TEOA, pK, = 7.76), formed.Smallamountsof generated  dimethylglyoxime!®16:30:32.58.Feteroleptic complexesof
hydrogen at pH 7.5 are consistent with previous reports thatthe type [Co(LL),pyCl] were prepared in situ by combining
protonation of TEOA makes it an ineffective electron aliquots ofstock solutions containing bidentate ligands (LL),
donor!®*2The optimalcalculated pH8.4, was only slightly CoCl, and pyridine as the consistent axial monodentate ligand.
lower than the inherent pH of prepared solutions (~8.9 due td&Ve initially screened 46 differerdidentate ligands grouped

the addition of TEOA) and was consequently unaltered to edséo discreet classes, including glyoximes (GL), bipyridines and
high-throughputeaction preparationt is notable however, phenanthroline¢BP), 8-hydroxyquinoline§HQ), nitrogen
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heterocycles with hydrogen-bond donors (Ndiy miscella-  stoichiometric correctiong his measure ofhydride affinity
neousligandsnot readily sorted into anotherclass(MC). wasthen compared to the hydrogen produced via the bis-
Perhapsunsurprisingly glyoximeswere significantlymore glyoxime complexeBn exponentiaturve was then fitted to
active than any othetigand,producing the mosthydrogen the data (R = 0.92), revealing thaimore negative hydride
over 1000 min (Tables 1 and S1). Alkyl functionalization, sudffinity also results in greater hydrogen production (Figure 5).
as that in the archetypaldimethylglyoxime(GL1), was
important for hydrogen production, while conjugated glyoxime Hydride Affinity= A H(Co(ll)H( GL)py)
derivatives and most other ligands generated, at best, only trace
amounts of hydrogen. ? ? Y - & Hy(Co(l)(GLpy) + AH(H))
Selected cobalt WRCs synthesized in batch were assessed for (1
hydrogen production by gas chromatography (Table S2) to
confirm the validity of results obtained using complexes t \GH
15
GL2

synthesized in sitlA comparison othese results with high-

throughput screening revealed a close correlation between tt

two techniques.For instance,the WRC containing the ™
deprotonated glyoximéigand GL2 displayed 86% of the
activity compared to the analogous GL1 complex in batch an3
displayed 90% activity in the high-throughput screen. ' P
Homoleptic tris- co Plexes B8P1 and GL1 are reported as » \
successfulWRCs!”°* we also investigated whethethese

10}

H, (umol)

complexesvere being made in situ rathethan the desired » \\

[Co(LL) 5pyCI] geometryln situ prepared WRCs incorporat- Z GM‘GUS G

ing either 2 or 3 equiv of GL1, GL2, and BP1 (and no . e
pyridine) were run in a large number of replicatesand -16 -1.4 -12 -10 -08 -06
compared with previously synthesized [Co(B€M,)(Figure Hydride Affinity (eV)

54 ,
All I 2,2'- BP1
4)- complexes containing -bipyridine ( ) prOduce(i:igure 5. Hydride binding affinity as determined through DFT

compared to catalytic production as measured through the parallel

. reaction systemThe fitted curve isof the formy =a x b * and
’ presents a correlation coefficient of 0.925.
—— 2equiv GL1
5 b 3 equiv GL1
S [ e .. 2 equiv GL2 Knowing thatglyoximes were necessary to achieve hydrogen
T . [Co(BP1)3]Cl, production,we nextscreened heteroleptic complexestoé
3 equiv BP1 type [Co(GL)(LL)pyCl], that is, combining all 46 ligands with
..... 2 equiv BP1 each ofthe 16 glyoximes in an equimolaratio (Figure 6).

Once againgsignificanamounts ofhydrogen were produced
only when the WRC contained d¢astone alkyl-substituted
glyoxime ligand (GL1GL2, GL4,and GL6).Furthermorein
Figure 4. Hydrogen production oveime of selectcobaltWRCs. most cases where the in situ WRC contained at least 1 equiv of
Each trace represents the mean of 12 replioatdsstandard error  the four active glyoximes, hydrogen was produced independent
represented by the shaded region surro_unc_iing eadkil_tmaplgs of the other ligand; only selected ligands (GGL12,MC3,
excepffor [Co(BP1}3]C|2 were prepared in situ according to high- 54 MC4) completely poisoned the WRC activitye were
throughput screening protocols. mindful that our high-throughputipproach was noéble to
discern the catalytically active speciksietic or thermody-

negligible hydrogen, suggestingthat differencesin our namic factorsmay instead lead to appreciable amountsf
experimentalesign rendered this WRC inactive for hydrogen[Co(GL),pyCI] or £C0(LL opyCl] rather than the desired
productionWhile [Co(GL1)] also produced hydrogen (13.4 [Co(GL)(LL)pyClI].* Our initial ligand screen revealed that
pmol), reduced volumes compared to the heteroleptic complglyoximeswere critical for hydrogen production,and we
confirmed that we were generatingthe expectedWRC consequently limited our hit selection to ligand combinations
([Co(GL1)pyCl]) under high-throughput conditions. that produced >50% ofthe hydrogen generated using the

To further understand the differentiation in the function of corresponding [Co(GLpyCl] complex (Tables1 and S1).
homoleptic glyoxime complexes, we performed DFT on sevefhls ensuredthat we did not mistakenlyassign activity
known reaction intermediates using the B3LYP functional andfforded by a smalleamountof [Co(GL).pyCl] presentin
6-31G(d,p) basis sethe intermediates Co(ll)kO(GL),py, solution (up to a maximum of0.5 equiv ofexpected cobalt
Co(Il)(GL) ,py, Co(llH(GL) ,py, and Co(ll)H 5(GL),py WRC).
were explored forall tested glyoximegxpected to form a Heteroleptic complexes that contained 8-hydroxyquinolines
five-membercoordinating ring.It is notable that in these (HQ) achieved greatehydrogen evolution than this50%
calculationsdoubly reduced Co(I)H,O(GL),py does not benchmark (ofthe corresponding bis-glyoxime WRC) when
convergesuggesting that water is not a stable ligamtithus combined with the active glyoxime ligands (GGIL2, GL4,
reduction opens an active species for Cois is consistent  and GL6) excepfor the nitro-substituted derivative (HQ3).
with the literature®® The free-energy change wastimated ~ The sulfoxyl-containing HQ2 was particularly actieegrat-
according to eq 1 for the binding of a hydride, using the heating§ 16.3 pmol over the tested time when combined with GL1,
formation determined for each complexand any needed which compares web the 15.6 pmobbserved with the bis-

0 200 400 600 800 1000
Time (min)
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Figure 6. Combinatoriakcreen of Co(GL)(LL)pyClI] co-catalysts

for maximum hydrogen production in micromoles for reactions run

optimalconditions (1 equiv Co& 11 equiv GL,1 equiv LL,1 equiv
py) for 1000 min.

GL1 analogue (Figure 6)Ligandswith nitrogen-containing
heterocycles capable atting as hydrogen-bond donors also
performed above the benchmark in almosdll caseswhen
combined with GL1, GL2, and GL4. The in situ formed
complex [Co(GL1)(NH4)pyCl] evolved the mosthydrogen

of all of the screened compound$§,4 ymol(Figure 6).The
primary amine-containingligands 2,3-diaminonaphthalene
(MC5) and 8-aminoquinoline(MC6) also demonstrated

779

moderate activity (14.4 and 13.7 umdH,, respectively) in
combination with select alkylyoximes.

Replicatereactionsof [Co(GL1)(NH4)pyCI] and [Co-
(GL1)(HQ2)pyCl] confirmed that these ligand combinations
reproducibly evolved significant amounts of hydrogen (Figure
S7).Interestinglyall well-performing ligands (above the 50%
benchmark) contain functiorgabups that serve as hydrogen-
bond donorsThe catalytic cycle ofobaloximes is complex,
and both mono- and bimolecularpathwaysare reported,;
howeverit is plausible thahydrogen bonding in equatorial
glyoximesfacilitates the proton-coupledelectron transfer
required to form the cobalhydride intermediate criticdbr
hydrogen evolutioR® Our resultsstrengthen the argument
that hydrogen bonding plays an important role in facilitating
water reduction in cobalt-based WRCs. Electron donating axial
ligandssuch as substituted pyridines and imidazdledjs-
glyoxime complexes also improve catalytic activity, rationalized
by an increased electron density and basicity of the protonated
intermediaté®°*°The improved performance observed specif-
ically with monodentateimidazolesas the axial ligand is
notable in comparison to the nitrogen heterocycles present in
our NH ligand serie$urther strengthening the argument that
hydrogen bonding plays an important role in facilitating water
reduction in cobalt-based WRCs.

.CONCLUSIONS

High-throughputexperimentation enabled theapid design

and optimization of a homogeneouphotocatalyticwater
reduction method without any noble-meatamponentsThe
cobalt-basedVRC [Co(GL1BF,),pyCl] demonstratedan
optimal catalyst/substrate ratio 47000 molecules ofater

and was effective across range of concentrationg0.2-2
mM). An initial screen of 46 different coordinating ligands for
in situ prepared WRCs revealed that alkyl-substituted
glyoximes were critical for hydrogen production in our parallel
screening conditions. DFT simulations demonstrateda
connection between thehydride affinity and the catalytic
performanceor these bis-glyoximespeciesA larger sub-
sequentcombinatorialscreen of each glyoximederivative
paired with all other ligands (to give 616 distinct co-catalysts of
the type [Co(GL)(LL)pyCl]) identified severalpromising
ligand classes abntaining functiongroups that may act as
hydrogen-bond donorsTwo distinct catalysts[Co(GL1)-
(HQ2)pyCl] and [Co(GL1)(NH4)pyCl], produced greater
amounts ofhydrogen than the archetygais-glyoxime WRC
[Co(GL1),pyCl]. Isolation and characterizatiorof these
promising candidates,along with their mechanism for
producing hydrogemye currently being investigated.
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