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METALLOPOLYMERS FOR CATALYTIC GENERATION OF HYDROGEN

CROSS REFERENCE
{0001 This application daims priority o U.S. Provisional Palent Application No. 62/431,864, filed

Decamber 9, 20186, the specification{(s) of which is/ara incorporated herein in thair entirely by referance.

FIELD OF THE INVENTION
{30921 The present invention relates to metallopolymers, in particular, 1o diiron-based complexes that are
biomimetic analogues of the active siles in Fe-Fe hydrogenase enzymes and also active in calalytic

genearation of molecular hydrogen (H,).

GOVERNMENT SUPPORT
[0003] This invention was made with government support under Grant Nos, CHE1111570, CHE1111718,

and CHE1664745 awardad by NSF. The govarnmant has cartain rights in the invention.

BACKGROUND OF THE INVENTION
{B004] There has been a tremendous world-wide interest in developing clean and abundant energy
sources as alternatives to fossil fuels o satisly the rapidly growing need for energy. Development of solar
voltaic cells {o convert solar energy into eleclrical energy is very promising. Howeaver, this energy source
is intarmitient and electrical energy, while useful, must be used immediately or it is lost. One promising
way fo store this energy is in the form of chemical bonds. Parficularly promising is o warehouse this
energy in the strong chamical bond in maolecular hydrogen {(H,). The davslopment of the “H; economy”,
which is a proposed system based on the production, storage, and utilization of hydrogen as an enargy
carrier, has generated censiderable interast. However, cne of the key challenges in this field is the
craation of efficient catalytic sysiems 1o genarate H, via splifting of H,O. Electrochemical splitiing of waler
to convert it into Hy and O, typically usas platinum catalysis, which are rare and expensive. Considerable
inspiration has been drawn from photosynthelic processes and other biclogical systems for the generation
of H;. Promising alfernatives are suggested by the hydrogenase enzymes produced by anaerobic bacteria
that catalyze the reduction of protons to H, with very high rates {up lo ca. 10% molecules of Hs, per enzyme
per second) with litle overpotential and whose active sites contain the Earth abundant and inexpensiva
metals: iron and nickel. The active site 1 of [FeFel-hydroganase is shown below:
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{045} Owing to the relative simplicity of the active site 1, X = NH of this enzyme, [FeFe}-hydrogenasea and
iNifFe]-hydrogenase have inspired the preparation and study of small molecule mimics of these aclive
sites as elecirocatalysis for H, production. Numercus biomimelic analogues of the active site have been

synthesized and studied as electrocatalysts for H; production. The active site is buried within the protein
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of the enzymes (FIG. 2}. Eleclrons, e.g. from reduced methyl viologen which is a commonly usad in vifro
reductant (the physiclogical electron donors are ferredoxin and flavodoxin), are transferred fo the buried
active site via [4Fe48] redox centers {one of which is shown in 1 and the entire moisty shown in 1 is
known as the H-cluster). Proton and H, channels have also been proposed and convincingly established
for this enzymea. The current hypothesis is that the reduced form of the enzyme is an Fa{l}-Fe{l) species
and the catalytically active Fe{l)-Fa(il) vields H-Fa{ll}-Fe(ll) on protonation coupled with the {4Fe4 3] redox
centar donaling an electron to the distal iron. Although a y-bridged hydride is more stable than a terminal

hydride, the terminal hydride is beliaved {0 ba more reactive and formed kinetically.

{6806] Scheme 2 shows non-limiting examples [FefFel-hydrogenase aclive site analogues.
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[0007] Previous reports demonstraled that disulfide 2 could be synthesized by reaction of iron
pentacarbonyl, sulfur and base. For example, referring to Scheme 2, three stralegies have been reported
for transforming 2 into bridgad 3 and unbridgad 4 which are analoguss of the active sile of {FeFal-
hydrogenasa: (1) reduction of 2 to the corrasponding dithiolate followed by alkyation; (2) nucleophilic
addition to sulfur of the disulfide by Grignard of lithium crganomaetallic reagents followad by alkylation; and
{3) conjugate addition of the dithiol oblained from 2 to g, B-unsaturated carbonyl compounds. In addition,
reaction of thiols, dithicls or disuifides with iron carbonyl complexes also afferds 3 or 4. Complexes
analogous to 3 and 4 in which CO ligands have been substituted by cyanides, isocyanides, phosphines,
phosphites, bis-phosphines, heterocyclic carbenes, sulfides, sulfoxides, or nitrosyl ligands have also been
reported. Despite impressive advances in this area, several important challenges remain: fo increase the
aclivily and stability of the catalysis, to lower their overpeotential, to use water as the solvent and profon
source, to inhibil aggregation while maintaining rapid sleciron transfer to the active sile, and to increase

asrobic stability.

{0008} To overcome many of the current imitalions in biomimetic [2Fe-25] glectrocatalysts, immobilization
of thase complexes onlo halerocgeneous or homagenacus supporis has been widely explored. More
recently, conjugation of soluble polymers to [2Fe-28] complexes has been explored, particularly as a
route to catalytic metaliopolymers, where the active catalyst is incorporated into either the main chain of
the polymer, or 85 pendant side chain groups. The synthesis of these materials has been demaonstrated
for a number of different systems. For example, Green et al. discloses amide coupling {o TentaGel resin
beads (Kayla N. Green, Jennifer L. Hess, C. M. T. and M. Y. D. Resin-bound models of the [FeFe]-
hydrogenase enzyme active sile and studies of their reaclivily. Dalfon Trans, 4344 (2009).
doi:10.1039/6821432h), and ibrahim et al. teaches esler coupling to funclionalized polypyrrole and thiol
bridging to functionalized polypyrrole {(lbrahim, 8. K., Liu, X, Tard, C. & Pickslt, C. J. Electropolymeric

materials incorporaling subsite structures related to iron-only hydrogenase: active aster functionalised

2
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poly{pyrroles) for covalent binding of {2Fe3S}-carbonyl/cyanide assemblies. Chiem. Commun, 15351537
{2007},

[0009] As ancther axample, the use of “click” reactions with small molecule [2Fe-23] moislies bearing
alkyne components onto azida functional polyvinyl chioride has also been explored by Wang et al. (Wang,
L., Xiao, Z., Ry, X, & Liy, X, Enable PVC plastic for a novel rola; its functionalisation with diiron models of
the sub-unit of [FeFel-hydrogenase, assembly of film elacirodes, and elecirochemical investigations. RSC
Adv. 1, 1211 (2011)). Moreover, Tooley et al. discloses polymer backbones prepared by controlled radical
polymerization (CRP) methods, namely reversible addition-fragmentation chain tfransfer (RAFT)
polymerization has been ulifized via use of chain end modifications {o unmask thiol end-groups for
subsequent thiol-ene reactions o alkene/alkyne functional [2Fe-ZS] compiexes (Tooley, C. A., Pazicni, S.
% Berda, E. B. Toward a tunable synthetic [FeFe] hydrogenase mimic: single-chain nancparticles

functionalized with a single diiron cluster. Polym. Chem. 6, 76467651 {2015)).

{0010} in addition o attaching [2Fe-28] moietias to polymers, [2Fe-28] small molacudes with appropriate
functional groups wera polymerized. For instance, a [2Fe-25} core appended with one alkyne group was
polymerized with WCIg-Ph,Sn to give a polyene with multiple [2Fe-28} sites which was spin coated on an
electrode, as taught in Zhan et al. (Zhan, C. ef al Synthesis and characterisation of polymeric materials
consisting of {Fe2{CO)5}-unit and their relevance io the diiron sub-unit of [FeFel-hydrogenase. Dalffon
Trans. 39, 11255 {2010)). Also, Zhu et al. discloses polymers prepared by “click” chemistry using small
molecule diazides and [2Fe-28] moieties appended with two alkynes (Zhu, X., Zhong, W. & Liy, X.
Polymars funclionalized with 1,2-benzenedithiolale-bridged model compound of [FeFel-hydrogenase:
Synthesis, characterization and their catalvtic activity. fnf, J. Hydrogen Energy. 41, 1408814078 (2016)).
Further still, CRP of [2Fe-283] funclional slyrenics via RAFT has alse been achieved and studied as an
electrocatalyst for H, generation by Heine et al. (Heine, D, Pleisch, C., Schubart, U. §. & Waigand, W.
Controlled radical polymarization of styrene-based models of the active site of the [FeFe]-hydrogenase. J.
Polym. Sci. Part A Polym. Chem. 81, 21712180 (2013}}, and Frechét-type dendrimars containing [2Fe-
25 units hava baen preparad but not studied as electrocatalysis for Hy production inbietal (LI Y. et al.
Exceptional dendrimer-based mimics of diiron hydrogenase for the photochemical production of hydrogen.
Angew. Chem. Ini. Ed. 52, 5831-5635 {2013}).

[6011] While these reporls demonstrate the viabilily of conjugaled [2Fe-2S] complexes o polymeric
materials to enhance catalylic performance, there remain numerous challenges o this concept, namely,
homogeneity under aquecus elactrocatalytic conditions and robust air stability. To date, three strategies
have baen axplored to use [2Fe-28] mimics in water: {1} atlaching the [2Fe-28] moiely {o the electrods
covalently, or modified electrode surface; {2} as a halerogenesous catalyst, by appending the [2Fe-2S]
core with hydrophilic moieties; and {3) by including the [2Fe-28] spacies in water sclublae supramolecular
complexes or micelles. Use of membrane electrodas for H. generation in water has been reviewed by Xu
et al. (Xu, E. et al. [FeFel]-hydrogenase-inspired membrane elecirode and ils catalytic evolution of
hydrogen in water. RSC Adv. 2, 1017110174 (2012)) and use of polysthyleneimine membrane

elactrodes with [FeFe] mimics more racently reported by Zhu et al. (Zhu, D, Xiao, Z. & Liu, X Introducing
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polyethvleneimine (PED into the electrospun fibrous membranes containing diiron mimics of [FeFel-
hydrogenasea: Membraneg electrodes and their electrocatalysis on proton raduction in agueous media. Inf.
J. Hydrogern Energy. 40, 5081-5081 {2015)). Waler solubility has been praviously achieved with [FeFe]
coras via appendad sulfonates, sugars, 3,7-diacetyl-1,3,7-triaza-5-phosphabicycie[3.3.1]nonane ligands,
two cyanc ligands (dianion), waler soluble gquantum dots, and polyacrylic acid linked [FeFe] moiely. The
[FeFe] biomimetics have bsen incorporated into micelles and studiad in water as hydrogen evolving

electrocatalysts.

{012} Development of approaches to enhance the air stability of this class of HER electrocatalyiic
complexes has proven fo be even more challenging as notably most [FeFel-hydrogenases and [2Fe-28]
biomimetics are deactivated by O,. Recent experiments in the field suggest that neighboring amino
groups mitigate this deactivation via the capluring of reduced oxygen species. In addition, use of redox

hydrogels has also been shown to ba sffective in prolecting [FeFel-hydrogenase from O,.

{0013] However, there remains a clear need for robust synthaltic methods (o afford new catalysts wilh
improved catalytic performance in water with air stabilily. The present invention fealures an incorporation
of a [2F=-28] hydregenase bicmimetic into a polymer that affords advances on all of the challenges

described above.

[0014] Any fealure or combination of fealures described herein are included within the scopse of the
present invention provided that the features included in any such combination are not mutually
inconsistent as will be apparent from the conlext, this specification, and the knowledge of one of ordinary
skill in the arl. Additional advantagas and aspacts of the present invention are apparent in the following

detailed description and claims.

SUMMARY OF THE INVENTION

[{#015] An cohjective of the present invention is to provide metaliopolymer compaositions as catalysts
{electrocatalysts or pholocatalysts) for hydrogen evolution reactions (HER). Embodiments of the invention
are given in the dependeant claims. Embodiments of the present invention can be fresly combinad with

each other if they are not mutually exclusive.

{B01s] Dilron-disulfide hexacarbonyl complexes (Fe,3,(C0O)) can be salectively funclionalized to afford a
variety of bonding motlifs that readily lend themselves to the formation of metaliopolymeric materials.
According to some aspects, the present invention featuras polymers with [2Fe-28] moieties as HER
electrocatalysts. In sceme embodimentis, an aclive sile mimetic is incorporated into metaliopolymers via
atorn transfer radical polymerization (ATRP)} with various vinylic monomers fo provide weli-defined
polymers with a site-isolated complex. Without wishing to limit the invention fo any theory or mechanism,
by site isolating the complex during electrocatalysis, the electrocalalytic lifetimes and siabilities of these

rmimetic materials are greatly improvad.

{0017} in one aspect, the HER slecirocatalytic metaliopolymers are synthesizad by the functionalization of

[2Fe-28] complexes with a-halcesters to prepare metalloinitialors for ATRP. Without wishing to limil the
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invention to any theory or mechanism, this approach allows for diverse functionalization of [2Fe~-25]
metallopolymers with well-defined polymers o tune electrocatalyst solubility and improve overall activity
by variation of water-scluble, vinylic monomers. Polymers of the desired molecular weights and low
molecular weight distribution were oblained using Cu(l) calalysis and active nitrogen ligands al low
temperatures. IR spectroscopy was usad to condirm retention of the [2Fe-28] moiety and estimale the
Fe,8,{C0) concentration. Chromatography with UV-Vis detection at 400 nm confirmed covalent
attachment of the [2Fe-28] system to the polymer. Cydlic vollammelry is used o assess the rate of
catalysis definad by a turnover frequency (TOF), and the thermodynamic efficiency of catalysis in terms of
ovarpotential (n). By selecting an appropriate monomer/polymer conjugate arcund the [2Fe-28]-complex,
the HER electrocatalysis prepared using this methodology demonsirated axcellent HER catalysis in
neuiral water with reduced overpotential for a homogeneous HER catalyst in water, and robust aerobic

stability.

[6018] As will be described herain, the metallopolymer electrocatalysts have proven o generate H; in
acelonitrile from acetic acid, and in watsr for the water soluble metallopolymers. In one embodimant, the
watar soluble metallopolymer basad on 2-(dimethylaminoethyl methacrvlate (DMAEMA} appendad with
atkyl amine groups, at pH 7 generatas H; at rates comparable to platinum under similar conditions, with a
modast ovarpotential, shows no tendency for the catalylic site to aggregate, and exhibils unusual stability

undar aerobic conditions.

[0019] According o other aspects, the present invention fealures metallopolymeric malerials comprising
ragioregular poly(3-hexyithiphens) (P3HT) and catalytically active diiron-disulfide complexes. These
materials enable solar assisted conversion of a proton source, such as for example, thiols, sulfides, and
watar. The conjugated polymers, such as P3HT, serve as the photosensitizer {o promote photoinduced
electron transfer {o activale the diiron complax which, in the presence of an appropriate proton donor,
catalytically generates hydrogen (Hz). This coupling of a conjugated polymer to a diiron center and

pholfocatalytic hydrogen genaration with this typa of diiron catalyst has net been done befora.

{30261 One of the unique and inventive technical features of the present invention is the use of P3HT as
an elactron donor {o promote a pholo-induced reaction. Without wishing to limit the invention {o any theory
or mechanism, P3HT is likely the optimal polymeric ligand for these materials due to the development of a
number of synthetic methods thatl allow for control of molecular weight/MWD and precise functional group
placement. Furthermore, the band edge/frontier orbital energetics for P3HT ligands and Fe,S,{(CO)g points
to favorable potential gradients to promote photoinduced charged transfer. None of the presantly known

prior referances or work has the unique inventivae technical feature of the present invantion.

{021} According {o some embodiments, the methods dascribad herain utilizas small molecule complaxas
with unsymmetric ligand coordination via the nucleophilic attack of alkyl/aryl Grignard, or organolithium
agents with diiron-disulfide hexacarbonyl (Fe.S:{CO)g) followed by treatment of the reactive thiolate with
alkyl halides as electrophiles to promote alkylation. Regioregular P3HT is used in the preparation of the

metallopolymers, particularly those prepared from Grignard metathesis (GRIM) or other transition meatal

(83}
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catalyzed variants of these methods o creale P3HT with —-MgX chain ends that can react with high
efficiency with Fe;5,(C0O)s. Subsequently, the reactive thiolate form of the P3HT complex can be alitylated

with srall molecule, or polymers terminated with alkyl halides to Torm the targeted unsymmetric complex.

{6022} in some embodiments, tha solubllity and chemical environment around the dilron complex can be
tuned with the differential incorporation of a second polymeric ligand to impart water solubility to thase
otharwise hydrophobic ligands. Tha incorporation of metal centers into polymeric constructs while
retaining  their initial catalylic activity remains challenging. However, the methods to prepare
metaliopolymers combining P3HT and other polymers as ligands enable the preparation of novel,
metallopolymeric materials that install photocatalvtically reactive metal centers. Further still, the polymeric
figands can be used o make metallopolymers o modulate properties and chemical environment around

the catalyst.

{0023} in one embodiment, the polymeric ligand is a P3HT. Tha P3HT may be ferminated with aither -
MgBr, or ~Li end groups which can be usaed o ring-open the disulfide bridge in Fe;8:(CO) and the
resulting thiolate infermediate can be alkylated with alkyl halide terminated polymers 1o form unsymmetric
diiron complexas with differential ligation of the Fe centers. Well-defined polymers bearing a terminal alky
halide can be prepared using either nitroxide mediated polymerizations (NMP) or by end group

modification of commercially available polyethylene oxides.

[6024] in further aspects, the present invention also investigales iron-phosphorus coordinate motifs by the
preparation of phosphine terminataed P3HT ligands. The salient feature of these approaches is the ability

to prapara well-defined metalicpolymers that maintain the photoactivity of the small molacule complexes.

BRIEF DESCRIPTION OF THE DRAWINGS

{025} The features and advantages of the present invention will become apparent from a consideration of
the following detailed description presenied in connection with the accompanying drawings in which:
{0261 FIG. 1 shows a non-limiting embodiment of a metallopolymer catalyst of the present invention.
[6027] FIG. 2 shows [FeFel-Hydrogenase, ils active site and the elemenlary reactlion for H, generation.
[0028] FIG. 3 shows a reaction scheme for synthesizing the metalloinitialor and the melallopolymer. Non-
limiting axamples of vinylic monomers 1o prepare the melallopolymer are also shown.

{80281 FIG. 4 shows a reaction scheme for synthesizing the mestallopolymer via ATRP. Non-limiting
examplas of ATRP ligands and vinylic monomars to prapare the metallopclymer are also shown.

{00381 FIG. 5§ shows homogenesous methacrylate-basad, polymer-supported electrocatalysts, PMMA-g-
[2Fe-28] in organic media, PDMAEMA-g-[2F2-28] and PEGMA-g-[2Fe-28] in aquecus madia.

{0031 FIG. 6 shows an ORTEP diagram of the iniliator with hydrogen atems omitted and thermal
ellipsoids shown at 50% probability level.

[6032] FIG. 7 shows UV-Vis absorplion spectra of the ATRP melalloinitialor and a PMMA-g-[2Fe-28]
metallopolymer in toluene. The PMMA-g-[2Fe-28] metallopolymer was made using the ATRP
metallcinitiator.

[0033] FIG. 8 shows GPC data of PMMA-g-[2Fe-28] with a UV-Vis deleclor operating at 254 nm, 350 nm,
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or 400 nm.

[6034] FiGs. 9A and 9B show GPC data for PMMA-g-[2Fe-25] (Mn=7,184 g/mol, Mw/Mn=1.08} and
PDMAEMA-~g-[2Fe-28] (Mn = 9,500 g/mol, Mw/Mn = 1.33), respectively, with a UV-Vis delector operating
at 400 nm, which is characteristic of the initiator, but not for PMMA or PDMEAMA polymers.

{80351 FIG. 10 is an IR overay of the initiator, PMMA, PDMAEMA, and PEGMA showing retention of
characleristic Fe-CO siralching frequencies.

{6836] FI3. 11 shows cyclic voltammetry (CV) of the metalloinitiator and PMMA-g-[2Fe-28] in acetonitrile
to observe Fe(l) to Fe{0) reduction in the metallopolymer,

{00371 FIG. 12 is an exemplary schematic of a OV experiment to measure current from H; genaration.
{3038} FIG. 13 shows CV elecirocatalysis of the metalloinitiator with increasing [AcCOH] in acetonitrile.
[0039] FIG. 14 shows CV electrocatalysis of PMMA-g-[2Fe-28] with increasing [AcOH] in acetonitrile.
[0040] FIG. 15 shows an exemplary scheme of proton shuttling in PDMAEMA-g-[2Fe28]. The aminas in
PDMAEMA are partially profonated at neutral pH which may facilitate proton transport and form an H-
bond to the Fe-Fe cenler.

{6941] FIG. 16 is a8 CV current density comparison of 100 uM PDMAEMA-g-[2Fe-28] metaliopclymer o a
Pt electrode for M, generation under identical conditions.

{80421 FIG. 17 is a CV current density comparison of PDMAEMA-g-[2F2-28] and PMMA-g-[2Fe-28]
metaliopolymers for Hy generation under identical conditions.

{00431 FIG. 18 is a CV current densily comparison of 8,10 mM PDMAEMA-g-[2Fe-258] and 0.52 mM
PEGMA-g-[2Fe-28] metallopolymaers to a Pt electrode for Ha generation under identical conditions.

[0044] FIG. 19 is a CV current density comparison of 0.1 mM PDMAEMA-g-[2Fe-28], 0.52 mM PEGMA-g-
[2Fe-28], and 0.2 mM PDMAEMA-~PEGMA-g-[2Fe-25] copolymer fo a Pt electrode for H,; generation
under identical conditions.

[0045] FIG. 20 shows cyclic vollammetlry comparison of anaercbic and aerobic activity of PDMAEMA-g-
[2Fe-28] {ca. 50 pM [2Fe-28] via IR, 2.5 mg/mL)}. Freshly prapared anaerobic solution, initial asrchic
current response, current response after 18 hours of storage under aerobic conditions, and recovery of
current upon return to anaercbic conditions. Current has bean normalized to current dansity by dividing by
experimentally determined araa of the glassy carbon slecirode (A = 0.07469 cmz}‘

{0045] FIG. 21 shows non-limiting examples of metallopolymers thal are synthesizad using Fe,S{C0)
complexas with P3HT and other polymeric ligands to enable photogenearation of Hy, and alkylation of
diiron-disuifide complexes with Grignard, or organolithium reagents and alkyl halides to form unsymmetric
complexas, or A-B diblock mataliopolymers.

{B047] FIG. 22 shows a non-imiting example of a reaction scheme for preparing unsymmetric
metallopolymer complexes.

{B048] FIG. 23 shows an exemplary reaction scheme for (a) synthesis of Fe,5,{C0O); disuifide complex; (b}
Grignard terminated ragiorsgular P3HT; and (¢} unsymmastric dilron complax via reaction of P3HT-MgX
and alkylation with benzyl halides.

{0049] FIG. 24 shows an exemplary reaction scheme for (8} synthesis of benzyl halide terminated
polystyrens and poly{i-butyl acryiate) followad by (b) alkylation of reactive P3HT thiclatas with thess

polymeric benzyl halides (BnBr) {o form A-B diblock metallopolymers (¢} synthesis of waler dispersabls A-

-~
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B diblocks via alkylation of poly-{£-BA} and deprotection with TFA.

[0058] FIG. 25 shows an exemplary reaction scheme for (8) proposed synthesis of phosphine terminated
P3HT ligands and (b) preparation of metallopolymear complexes with mongo, or bis-P3HT ligands.

[6051] FIG. 26 is a non-limiting example calalytic generation of H, with benzoFe,5,{CC)s; (Benzcat).

{80521 FIG. 27 shows a non-limiting example of a photocatalytic HER scheme.

{0083] FIG. 28 shows a Gas Chromatogram (GC} of H, peak in overhead gasses upon irradiation of
Banzeat, P3HT, and Ph8H in toluene (red trace, laft y-axis) and the conirol experiment withoul PSHT
{blue traca, right y-axis). A third control without Benzeat did not produce datectable amounts of H; under
the same conditions {data not shown).

{B054) FIG. 29 shows Ultraviclet Pholosleciron Spectroscopy (UPS) data for Benzcat showing an
ionization onset (HOMG energy) at 7.50 eV,

{B055] FIG. 30 shows CV of Benzeat (1 mM) in CH;CN with increasing catalvtic current and increasing
amounts of acetic acid.

[0056] FIG. 31 shows absorplion spectra for monothiophene complex (dolted lines) and terthiophens

complex {solid lines} in various solvants at equal concentrations.

DESCRIPTION OF PREFERRED EMBODIMENTS

{057} As known to one of ordinary skill in the art, an afom transfer radical polymaearization (ATRP) is a
mathod of controlied radical polymerization (CRP) where an alkyl halide {e.g. R-X, X: Br or Cl} is activaled
by a transition metal complex {e.g. cuprous halide salls with amine, or N-heterocyclic ligands, such as
Cu'Br with bipyridine ligands) to form an actlive radical that reacts with a vinyl group {i.e. monomer} and
the intermittently formed radical reacts with additional monomer units for propagation {o put monomers
together in a piace-by-piace fashion. The ATRP method enablss the craation of a wide range of polymeric
materials with a controlied molecular weight and molecular weight distribution using monomers with

diffarent functionalities for specific target applications.

{6038 Referring now to FIG. 1-20, in one embodiment, the present invention features an electrocatalytic
metaliopolymer for generating hydrogen (H;). According io somea embodiments, the metallopolymer may

comprise an electrocatalvtically active complex bonded to a polymer. For example, the metalicpolymer

may be according to the following: Complex — L; — (Polymer),-, whare [ may be 1 or 2.

{60581 in somea embodiments, the electrocatalyiically active complex may be the following:
B3

o \§§§§“\§ s

oo i 3 Teo

QL O

{8060] in olhar embodiments, L, may ba the following:
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{B061] in some embodiments, a phenyl group of L, may be bonded o the complex. For example, the

phenyl group of L may be bonded to the disulfide group of the complex.

{0062} in still olher embodiments, the polymar may be according {o the following:
A% BEX

{80631 in some embodiments, X may be |, Br or CL In some embodimenis, m and n can each range from
about 1-1,000. In other embodiments, A and B may each ba derived from an unsaturatad monomer, In
one embodimant, A may be identical to B. In an aliernative embodiment, A may be different from B. In
preferred embodiments, the polymear can impart water solubility to the metallopolymer. Further still, the
polymer can function {o site-isolate the complex during electrocatalysis, thus improving the electrocatalvtic

fifetime and stability of the metallopolymer.

[6064] According to olher ambodiments, the electrocatalytic metallopolymer for generaling hydrogen (Hy)

may comprise a matallopolymer ccmpiex according to Formula 1:

Q.. i“gmwmm

M& %
i}"i P o
& QO

[#065] in some embodiments, X may be |, Br or Cl. In some embodiments, m and n can each range from

{Formula 1)

about 1-1,000. in other embodiments, A and B may each be derived from an unsaturated monomer. in

one embodiment, A may be identical to B. In an alternative embodiment, A may be different from B.

[0066] Consistent with any embodiment of the metallopolymer, the unsaluraled monomer may be water-
solubla. In one embodiment, the unsaturatad monomer may be a vinylic monomer. In some embodiments,
the vinylic monomer may be a slyrenic monomar, a methacrylate monomer, an acrylale monomer, or
functional analogueas therecf. For example, the vinvlic monomar may be maeathyl methacrylate, 2-
{dimethyiamino)ethyl methacrylate, poly(ethylene glycoly methacrylate, styrene (Sty), Sty-SOsNa, or Sty-
NR,, where Ry is H or CHa.

[6067] in other embodiments, the vinylic monomer may comprise a functional water-soluble group that
imparts water solublilty {o the metallopolymer. Non-imiting examplas of the functional waler-soluble group
include alcohols, amines, amides, estars, carboxylic acids, sulfonic acids, ammonium groups, carboxylate
groups, sulfonate groups, or ether groups. In some embodimants, the ether group may be an

oligo{ethylena glycol) or a poly{athyviene glycol).

{6868 According o yet other embaodiments, the slactrocatalytic metallopolymer for generating hydrogen

{H.} may comprise a metallopolymer complex according fo Formula 2:
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{Formula 2}

[6069] in some embodiments, X may be |, Br or Cl. In some embodiments, n can range from about 1-
1.000. In other ambodiments, R may be Ph, Ph-NR,, Bn-NR, Ph-80sNa, COOCH, COOBn,
COO{CH,)N{CH3),, COO(CH,),N(CH,CH5), or COC{CH,0),CHa. in further embodiments, Ry and R,

may individually be H or CH,;. In still further embodiments, m can range from about 1-100.

{B0761 Examples of the metallopolymer complex according to Formula 1 or 2 include, but are not limited

to, the following:

8Br

(PMMA-g-[2Fe-2S]),

~N
i (PDMAEMA-g-[2Fe-25]),
Br—{—C—cHs = Der-t—tse
oo P oo
Q

R

{PEGMA-g-{2Fe-2S]}, and
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{(PDMAEMA-r-
PEGMA)-g-[2FeZ28] Random Copolymer).

{0071} in accordance with the alforementioned sxamplas, m can rangs from about 1-1080. In some

embedimants, n and p can each range from about 1-1,000.

{80721 Consistent with any of the electrocatalytic metallopolymers described herein, the metallopolymer
complex may be soluble in organic or aqueocus solutions. In preferred embodiments, the metalicpolymer
complex is preferably capable of generating H, from the organic or aquecus solutions. In other praferred
embodiments, the metallopolymer complex may be stable when exposed to an aerobic environment. For
example, the metaliopolymer complex can maintain stabilily when exposed lo the aerobic environment,

such as O, bubbles, during H; generation.

{80731 in some ambodiments, the metallopolymer complex may have an MM, ratic thal is less than
about 1.3, For example, the MM, ratio can range from aboul 1.01 fo 1.30 in cother embodiments, the
metallopolymer complex may have a high furnover frequency. For example, the turnover frequency may
be at least about 10° k(s™) in water. in further embodiments, the metallopolymer complex may have an

overpotential of al most about 700 mV in waler.

[0074] Since, in ona aspact, the prasent invention provides electrocatalylic metallopolymers for generaling
Ho, it is ancther ohjective of the presant invention to provide methods for generating molacular hydrogen
{H2}. In one embodimant, the mathod may comprise providing any of the elactrocatalyvtic metallopolymaers
dascribed hergin, adding the elecirocatalytic metallopolymer to an organic or agueous electrolyte solution
to form an electrocatalytic mixiure, and performing electrolysis using the electrocatalytic mixture, Without
wishing to be bound by a particular theory or mechanism, the elecirocatalytic metalicpolymer can accept
electrons from a cathode, thereby generating a reduced form of the electrocatalytic metallopolymer, which
is then protonated by some protic species in solution. Thus, the protons in the slectrolyte solution are
raduced io produce H, Examplas of the electrolyte solution includse, but are not limited to, water,
tetrahydrofuran, acetonitrile, alcohol, ammonium, alkyl ammoniums, sulfonic acids, carboxylic acids, or

combinations therecf,

{00751 According o other embodimants, the present invention may feature methods of producing any of
the alecirocatalytic melaliopolymers described herein. In some ambodiments, the method may comprise

providing a metalloinitiator according to the following structure:
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{B076] in some embodimants, the metallocinitiator is prepared by providing a-bromoisobutyryl bromide

{BIBB) and a hydrequinone complex according to the following structure:

oc I _co

\\ & mk\\"\\

oc? & L CO

{0077} The hydroquincneg complex and BIBB may be combined and mixed fogether so thal the BIBB

esterifies the hydroquinone complex o produce the matalloinitiator,

{6078] After providing a metalloinitialor, the method may further comprise providing an unsaturated
monomer, providing a transition meatal catalyst, providing a ligand, mixing the fransition metal catalyst and
tigand to form a metal-ligand catalyst, and mixing and heating the metalloinitiator, unsaturated monomer,
and metalligand catalyst o activate an atom-transfer radical-polymerization (ATRP) reaction, thereby
forming the eleclrocatalytic metallopolymer. In some smbodiments, the iransilion metal catalyst may
comprise a copper complex such as Cu{DBr. In other embodiments, the ligand may be N/N/N' N”N"-
pentamethyldiethylenetriaming, 1,1.4,7,10,10-hexamethyliristhvienetetraming, or 4.4-dinonvi-2,2'-

dipyridyl.

{B079} in preferred embodiments, the unsaturated monomer may be watar-soluble. In one embodiment,
the unsaturated monomer may ba a vinylic monemer. In some embodiments, the vinyvlic monomer may be
a siyrenic monomer, a methacrvlate monomer, an acrylate monomer, or functional analogues thereof. For
example, the vinylic monomer may be methyl methacrylate, 2-{dimethylamino)ethyl methacrylate,

poly{ethylene glycol) methacrylate, styrene (Sty}, Sty-SO;Na, or Sty-NR;, where R; is H or CHa,

{0080} in other embodiments, the vinylic monomer may comprise a functional water-soluble group that
imparts watar solublilty {o the metallopolymer. Non-limiling axamplas of the functional waler-soluble group
include alcohols, amines, amides, estars, carboxylic acids, sulfonic acids, ammoenium groups, carboxylate
groups, sulfonate groups, or ether groups. In some embodiments, the ether group may be an

oligo{ethylena glycol) or a poly(ethviene ghycob),

[6081] in further embodiments, the electrocatalylic melallopolymers of the present invention may be

disposad or incorporated inlo a chromophore., Without wishing to limit the invention to a particular theory

)
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or mechanism, this incorporation of the metallopolymers into chromophores may advantageously aliow for
phofocatalysis using said metallopolymers to generate H,;. For instance, the metallopolymers in the

chromophoras may be exposead o a light source, such as UV or visible light, which iniliales the HER.

{3082} ELECTROCATALYST EXAMPLES
{60831 The following are non-limiting examples of the presant invention. i is to be understood that said
exampias are provided for the purpose of demonstrating the present invention in practlice, and is in no

way infended fo limil the invention. Equivalents or substitutes are within the scope of the invention.

[0084] in some embodiments, the strategy for incorporation of [2Fe-28] complexes inlo polymer
architectures comprisas the synthesis of a difunctional ATRP initialor bearing the [2Fe-2S] moiety. A
difunclional initialor allows for polymer growth from both sides of the complex, ideally giving a central
active sile protacted from known associalive reactions. With this modular approach, the synthesis of many
different polymaric syslems arcund a common [2Fe-28] core makes it possible to tune the polymer
architecture to improve calalysis via modulation of the secondary coordination sphare by including flexible

R-NMe, groups.

[0085] Experimental
[6086] All synthesis and electrochemical experiments were carried out under an atmosphere of argon and

using anhydrous, deoxygenataed solvenis and Schienk tachniques unless olherwise noted. Cyclic
voltammelry experiments were performed with a Gamry Reference 3000 or Gamry Refarence 1000 was
usad for the collection of all aslactrochemical data. All potentials in acelonilrile (ACN) wers referenced {o
the Fo/fc+ couple. Potentials in watsr are referenced to SHE using the standard conversion of 0.210 V
vs, Ag/AgCI3M KO The warking elactrodes (3 mm PEEK-encased glassy carbon and 1.5 mm PEEK
encased Pt, BASH were polishad using a Bushler microcloth with 1.0 then 0.05 g alumina micropolish
suspended in de-ionized waler, then briefly (ca. 10 s5) sonicated in distilled water. A Pt mesh was used as
the counter-electrode. A silver wire in 0.01 M AgNO; was used as a referance electrode in acefonitrile. A
silver wire coated with a layer of AgCl suspended in 3.0 M KCi was used for water experiments. In both

cases the reference electrode was separated from the analyte solution by a Vycor frit..

{00871 Synthesis of [2Fe-28]-initiator {u-2,3-{naphthalene-1 4-diyl bis{2-bromo-2-methylpropanocate)
dithislato}bistricarbonyliron {5}.

{0088] Referring to FiG. 3, metalloinilialor 8§ for ATRP was prapared in lhree sleps slarting with the known
complex NHQ-CAT. Sufficient NaCNBH; {2.26 mg, 0.036 mmol) was added to NHQ-CAT (45 mg, 6,.20
mmol) in THF (2 mL) to raduce the quinone and the solution was stirred at room temperature for 2 h,
Triethviamine (TEA) {75 ul, 0.54 mmol) was then added via micro syringe and the solution was stirred for
20 minutes. a-Bromaoiscbutyryl bromide (BIBB) (30 ul, .22 mmol} was added for esterification of NHG-
CAT via micro syringe and the solution was stirred at room temperature for 2.25 h. The reaction was
filterad {o remove precipitate and solvent removad by rotary evaporation (230(3, ca. 200 torr) to yield a
radforange solid. Purification via column chromatography on silica gel (30% DCM in hexane) gave 63 myg

of 5 {0.078 mmol, 87%) as a powdery orange solid upon removal of sclvent. This solid was recrysiallized
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via layering of foluene/MeCGH fo obtain crysials for electrochemical experiments and polymer synthesis.
The structure of metalloinitialor 8, shown in FIG. 6, was unaquivocally confirmed by single crystal X-ray
erystaliography. "H NMR: (CDCls, 500 MHz, 298 K ) 8 (ppm) 7.81 (2H, dd J = 6.5, 3.4 Hz) 7.48 (2H, dd J =
6.5, 3.4 Hz), 2.19 (12H, s)"°C NMR:{CDCl;, 125 MHz, 298 K) 8 (ppm) 206.8 (OC-Fe), 168.3 (C=0), 143.0
{Crao) 134.8 (Cass) 1291 (Co7p). 128.1 (Coaod 121.9 (Csp), 54.8 (CH-Br), 31.0 (CHa) IR {CHCL,, thin
fitm on NaCl): 3688 cm™ (w), 3619 cm™ (w, Cee-H), 3154 cm™ (w, Cape-H), 3019 o™’ (vs, Csp2-H), 29786
em” (w, Csp3-H), 2082 cm™ (Fe-CO, s), 2050 cm™ (Fa-CO, 8), 2012 cm” (Fe-CO, 5) 1760 em™ (C=0
ester, w ), 1522 cm™ (C=C, w), 1423 cm™(C-H, w), 1210 cm™ (C-O, vs)

[06089] Synthesis of [2Fe-28] metallopolymers via ATRP.

[0096] The growth of well-defined{co)polymers from the [2Fe-28] metalloiniliator 5 via ATRP is a unigus
method among polymeric-[2Fe-25] systems as it provides a facile method {o fune the environment around
the catalyst core in a8 single step by variation of comonomer feed and chain length of the covalenily
tethered macromoleculas without post-polymearization modification. The synthesis of metaliopolymers was
initially investigated by the ATRP of mathvl methacrylate (MMA) to confirm the chemical tolerance of the
[2Fe-28] complex o polymerization condilions and facilitale characlerization of metallopolymers using

convantional polymer solution characterization in non-polar media.

{0091] PMMA-g-[2Fe-25] metallopolymers; Referring to FIG. 4, PMMA metallopolymers (PMMA-g-[2Fe-

28]} ware prepared using metalicinitiator 5 as a difunctional ATRP initiator with a copper (I} bromide

{Cu(YEry4,4"-Dinonyl-2 2'-dipyridyl {(dNbpy} catalyst system at 55 C. Molar masses of ca. 10,000 g/mol
{i.e., 5,000 g/mol per each inilialor sile) wers targetad o enable sufficient site isolation of the iron
complex, while still being amenable fo size axclusion chromatography (SEC) and NMR speciroscopy and-

group analysis for molecular weight characterization.

{6992] The successful formation of well-defined PMMA-g-[2Fa-28] metallopolymers (M, sec=11,882 g/moi;
M/M, = 1.10) was confirmed using a combination of IR speciroscopy of the characterstic Fe-CO
streiching frequencies (FiG. 10} along with size exclusion chromatography (SEC) in tetrahydrofuran (THF)
coupled with UV-vis detection (at 400 nm) (FIG. 8A) and end-group analysis using 'H NMR speciroscopy
{not shown). Furthermore, PMMA-g-[2Fe-28] metallopolymers weare found to be elactrocatalylic active for

HER in acelonitrile in the presence of AcOH (FIG. 14).

{0093] POMAEMA-g-[2Fe-23] meiallopoiymers; Upon structural confirmation that well-defined [2Fe-2S]

matallopolymers could be preparad via the ATRP methodology, the praparation of watar soluble materials
was then pursued, particularly with the aim of engineering the microenvironment around the [2Fe-82]
complex to eanhance HER slectrocatalysis. To achieve this goal, tertiary amines ware incorporatad as side
chain groups to metallopolymers o impart both water solubility to these complexes, and facilitate proton
transfer to the [2Fe-28] core upon protonation of the amine groups. These metallopolymers were
preparad by ATRP of 2-(dimethylamino)ethyl methacrylate (DMAEMA) from metalloinitistor 5 using a
Cu()Br/N,N,N° N’ N"-pentarmethyldiethylenstriamine {(PMDETA) or Cu(l)Br/1,1,4,7,10,10-~
hexamethyliristhvienetetramine (HMTETA) catalyst system fto afford the PDMAEMA-g-[2Fe-25]

=
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metaliopolymer, as confirmed by IR spectroscopy (FIG. 10) and SEC in LiBr-DMF mobile phase (M, sec =
9,500; MM, = 1.33; (FIG. 9B). Hence, using this approach, a much higher local concentration of amine
groups around the [2Fe-28] core is created, since every DMAEMA repeating unit carries an amine sids
chain group, which could be pracisely controlled by variation of the degree of polymaerization as achieved
by ATRP. PDMAEMA metaliopolymers in the range of 10,000-15,000 g/mol wilh low disparsily wers

prepared and were water soluble, as well as solubla in ACN and DMF.

[0094] For ATRP of DMAEMA using §, a 10 mbL Schienk flask equipped with a Teflon-~-coated magnetic stir
bar was added Cu{l)Br {2.55 mg, 0.0178 mmol)}, sealed with a rubber septum, evacuated and backiilled
with Ar three times. Deoxygenated HMTETA (7.3 ub, 0.0267 mmol) was added to the flask followed by the
addition of 0.2 mbL of deoxygenated THF via purged syringe. The resulting mixiure was stirred for 10
minutes to allow for the formation of the Cudigand complex. in a second 10 mL Schienk flask equipped
with a Teflon-coated magnetic stir bar, 8 (14.24 mg, 0.0178 mmol) was added. Tha flask was sealad with
a rubber seplum, evacuaied and backiilled with Argon three times, and then purified and deoxygenated
DMAEMA (0.30 mL, 1.78 mmol} was added via purged syringe, followed by the addition of 8.30 mbL of
deoxygenated, anhydrous THF, The solution was stirred until homogeneocus then transferred to the

reaction flask via purged syringe. The flask was placed in an oil bath at 50 'C and stirred for 90 min.

{30951 Results

[06096] Electrocatalylic CV experiments with PDMAEMA-g-[2Fs-2S] melallopolymers were performed in
pH 7 neutral water. The PDMAEMA-g-[2Fe-28] metallopolymer was catalylically active for H. genaration
at low potentials (Egpeet = -0.85 V, Eip = -1.05 V, and & = -1.18 V, all aquecus potentials reported vs
SHE}, and modest metallopolymer loadings (1.6 mg/mL). Furthermore, the current densilies generated by
the PDMAEMA-g-[2Fa-28] metallopolymer were comparable to that of a Pt alectrade for Hy ganeration

undear identical conditions (FiG. 16).

{30971 Air Stable Metallopolymers for HER.

{6998] The oxygen saensilivity of PDMAEMA-g-[2Fe-28] metlaliopolymers in agueocus media was
investigated since it is known that one of the major challenges in developing robust [2Fe-2S] biomimetic
catalysts is the poor oxygen stability of these complexas as also encounterad in the [FeFs]-hydrogenase
enzymes. Referring to FiG. 20, peak catalytic current, 1., was established for the sample under anaerobic
condilions then the solution was bubbled with compressed air (21% O,) for 30 minutes. Cyclic
voltammograms of the oxyganated solution showed a paak for O, reduction {¢.a. -0.4 V vs SHE} as well
as a calalytic peak which ratained 55% {£11%) of the peak catalylic current delarmined under anasrobic
conditions. Aftar storing the asrated solution in ambient conditions for 18 hours, the sample had slighily
raduced aclivily comparad with the previous day (38 7% of |} but sparging with argon for 30 minules
allowad for recovery of 90% (22%) of |,.. Subsequently, a conirolled polential Coulometry in a cyclic
voltammetry cell was parformed with no attempt to separate the calalytic solution from the O, producing Pt
counter electrode. No decay in current was observed over this time period, confirming the aerobic stability
of the PDMAEMA-g-[2Fe-28] system. This level of activity and stability in aerobic solutions is remarkable

in light of the fact that oxygen sensilivily is one of tha most persistent, unsolved problems plaguing [FekFel-

.
w
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Hoase mimics.

[6099] The previcusly describad example demonstrated a versalile new methodology for the incorporation
of catalytic moieties into metallopolymer frameworks. Using this new methadology, new metallopalymer
systams were succassfully synthasized, including PDMAEMA-g-[2Fe-28], a waler soluble HER catalyst
that exhibits current densities comparable 1o a platinum slecirode with an overpotential of only 0.23 V.
This system has also demonsirated substantial aerobic stability. While the methedology has been
demonstrated with vinylic monomers, the present invention is not limiled fo vinylic monomers alone. in
other embodiments, this approach fo active site polymer encapsulation may be utilized in a wide variety of

catalytic systems to provide site isolation, solubility, improved stability, processability, and rale increases.

{00160] ALTERNATIVE CATALYST EMBODIMENTS

[60101] According to another embodiment, the present invention features a metallopolymer comprising
photoactive regicreguiar poly(3-hexylthiophens) (PSHT) and catabytically active diiron-disulfide complexes.
Thase diiron-based complexes are biomimetic analogues of the aclive siles in Fa-Fe hydroganase
enzymes that are also active in the electrocatalytic generation of melecular hydrogen (Ha). As previcusly
described, diron-disulfide hexacarbonyl complexes (Fa.5:0C0g) can be selectively functionalized to afford
a varisty of bonding motifs that readily lend themselves {o the formation of metallopolymeric materials.
{B0162] Referring now o FIG. 21-31, the present invention fealures a photocatalytic metallopolymer
composition for generating bydrogen (H;). In one embodiment, the composition may comprise a

matallopolymer complex according to the following:

R R
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[00163] in some embodiments, R, can be a polymeric ligand selecled from a group consisling of a
photoactive regioregular poly{3-hexyhhiophena}P3HT) ligand, a8 water soluble ligand, polyvethylena oxide,
polyi{acrvlic acid), and a polymer derived from monomers selacted from a group consisting of vinylic
monomers, athvienically unsaturated monomers, styrenic monomars, acrylate monomars, methacrylate
monomers, acrylonitrile monomers, aliylic monemers, vinyipyridine monomers, iscbutyleng monomers,
maleimide monomers, norbormene monomers, monomers having al least one vinyl ather moiety,

monomers having at least one isopropenyt moietly, and alkynylly unsaturated monomers,

[00104] in other smbodiments, R, may be selected from a group consisting of a phenyl, a

. 4
ey !
i with m ranging from 1 o 20, a whare Ry is a phenyl or

COOR, and Ry is H or an alkyl group CCqp, and a polymer derived from monomars selacted from a
greup consisting of vinylic monomers, ethylenically unsaturated monomers, styrenic monomers, acrylate
monomers, methacrylate monomers, acrylonitrile monomers, allylic monomers, vinyipyridine monomers,

isobutylane monomars, maleimide monomers, norbornane monomars, monomears having at ieast one

16
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vinyl ether moiety, monomers having at least one isopropenyl moiety, and alkynyily unsaturated

monomers. in a preferred embodiment, R, can impart water solubility to the metallopolymer complex.

[00105] Without wishing 1o limit the invention 1o a particular theory or mechanism, the polymeric ligand is
capable of promoting photoinduced electron transfer o a diiron metal center of the metallopolymer
complex, Further still, the metallopolymer complex generates H, upon irradiation of the photocatalytic

metaliopolymer compaosition in the presence of a profon donor.

{#0186] According to another embodiment, the photocatalytic metaliopolymer compaosition for generating

hydrogen (H;) may comprise a metallopolymer complex according to the following:

[#0187] in one embodiment, L, may be an aryl. In another embodiment, R, and R, can each be,
independeantly, a ~-CC or a polymeric ligand capable of promoting photoinduced slectron transfer to a
diiron metal caenter of the metallopolymer complex. Examples of the polymeric ligand include, bul are not
fimited to, a pholoactive regioregular poly(G-haxylthiophene{P3HT} ligand, a waler soluble ligand,
polyethylena oxide, poly{acrylic acid), and a polymer derived from monomers such as, for example, vinylic
monomers, ethylenically unsaturated monomers, styrenic monomers, acrylale monomers, methacrylate
monomers, acryloniirile monomers, aliic monomars, vinylpyridine monomers, isobutylane monomars,
maleimide monomars, norbornene monomars, monomers having at least one vinyl ether moiety,
monomers having at least one isopropenyt moiaty, or alkynylly unsaturated monomers, Preferably, upon
irradiation of the photocalalytic metallopolymer composition in the presence of a proton donor, the

metaliopolymer complex generafes H,.

{00108] In preferred embodiments, the polymeric ligand of any of the photocatalvtic metallopolymer
compositions described harein is a PSHT ligand. The P3HT ligand can act as a photosensitizer and
intermolecular electron donor. In some embodiments, the PSHT ligand may be accarding to the following:

CaHys

e ' or

{#0189] In some embodimenis, n can range from 1 to 20, in other embodiments, Rs and Rg are each

independently an H, an altkyl group C,-Cyq, or a phenyl.

{689116] For any of the photocatalytic metallopolymer compositions described herein, the metallopolymer
complex can absorb light in the UV-Visible spectrum. The metaliopolymer complex may also be a

biomimetic analogue of hydrogenase.

~J
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{B0111] According 1o one embodiment, the present invention features a maethod of generating molecular
hydrogen (H;). The method may comprise providing any of the pholocatalvtic metallopolymer
compositions, adding the photocatalytic metaliopolymer composition to a proton source, and irradiating
the photocatalytic metallopolymer composition and prolon source with UV or visible light. Without wishing
o limit the invention to a particular theory or mechanism, the photocatalytic metallopolymer composition
can acl as an electron donor upon irradiation with light, thereby raducing a profon of the proton source o
produce Ho. Examples of the proton source include, but are not limited to, water, a carboxylic acid, or a
thiol.

{#0112] According to another embodiment, the present invention features a method of producing a8
photocatalytic metallopolymer complex for generating molecular hydrogen (H;). The method may

comprise providing a diiron-disulfide complex according to the following structure:

e :
“fle z}ej;;
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{00113] In one embodiment, the method may further comprise providing poly(3-hexylthiophene}P3HT),
raacling the P3HT with an organomataliic halide to produce a halide-terminated P3HT ligand, reacting the
halide-tarminated P3HT ligand with the dilron-disulfide complex such that the P3HT ligand binds to one of
the sulphides, providing an alkyl halide-terminated polymer ligand, and alkylating the diiron-disuifide
complex with the alkyl halide-terminated polymer ligand at the second sulfide to produce the
photocatalytic mataliopolymer complex. In some embodimeants, the organometaliic halide is MgX. In other
embodiments, the alikyl halide-terminated polymer is benzyl chloride (BzClH), polystryrene BzCi (PS-BzCh),
or poiy{i-butvl acrylate}-BzCI}{PtBA-BzCH. Without wishing o fimit the invention o a particular theory or
mechanism, the P3HT ligand is capable of promoting photoinduced electron transfer {o a diiron metal
centar of the metallopolymer complax. Upon irradiation of the metallopolymer complex in the presence of

a proton donor, the metallopolymer complex generatas H,.

{00114} in yet another embodiment, the method of producing a photocatalytic metalicpolymer complex for
generating molecular hydrogen {Hy) may comprise providing a diron-disuifide complex according to the

following structure:

L
4

S S
oo, ENE oo
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. wherea L, can ba an aryl.

[#0115] in one embodiment, the method may further comprise providing poly(3-hexyithiophene)}(P3HT),
reacting P3HT with a phosphine to produce a phosphine-terminated P3HT ligand, and substituting at least
one carbonyl moiety of the diiron-disulfide complex with the phosphine-~terminated P3HT ligand o produce

the pholocatalvtic metaliopolymer complex. Without wishing fo limit the invention to a particular theory or
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mechanism, the P3HT ligand is capable of promoting photoinduced electron transfer to a diiron metal
center of the metaliopolymer complex. The metaliopolymer complex generates H; upon irradiation of the

matallopolymer complex in the presence of a proton donor.

{00116] In some embodiments, a phosphine moiety of the phosphine-terminated P3HT ligand may
comprise ~PPh,. In other embodiments, one carbonyl moietly of the dilron-disulfide complex is substiluied
with the phosphine-terminated P3HT such that metaliopolymer complex is unsymmetric. In yet other
embedimants, two carbonylt moisties of the diiron-disulfide complex are each substituted with the

phosphine-terminated P3HT such that metallopolymer complex is symmetric.

[60117] PHOTOCATALYST EXAMPLES
[00118] The following are non-limiling examples of the present invention. i is fo be understood that said
examples are provided for the purpose of damonsirating the present invention in practice, and is in no

way intended to limit the invention. Equivalents or substitutes are within the scops of the invention.

{84119] Synthesis of P3HT Metallopolymers.

{69126] The synthesis of metaliopolymers bearing a single P3HT ligand and a small molecule benzyl, or
methyl group is shown in FIG. 23. A P3HT with a single terminal —-MgX group is prepared via magnesium
halogen exchange of a P3HT prepared by the GRIM method (which are capped with —H and —-Br groups)
followed by treatment with i-PrivigCl. Alkylation of the reactive thiclate form of the complex is conducted
with benzyl halides, or methyl iodide. Structural characterization of the larget metallopolymer may be

determinad using 1H NMR and IR spactroscopies in conjunction with SEC.

{#0121] Referring to FIG. 24, A-B diblock metaliopolymers are preparad by alkyiation of reactive P3HT
thiolate intarmediates with alkyl halide terminated polymers. The use of the benzyl chicride funclional
alkoxyamine initiators can afford well-defined homopolymers of polystyrene and polvacrylales baaring a
primary benzyl chioride end group without the need for prolecting group chemistry. Polystyrenes and
poly{i~butyl acrylatas) in the range of M, ~ 2000-5000 g/mol are prepared and used fo form A-B diblock
metallopolymer complexes, using the methods previously discussad. The efficiency of the alkylation
reaction can be guantified using SEC. Purification of the matallopolymer can be conducted using silica gal

column chromalography, which is effactive {o remove more polar polyacrylates.

{00122] Furthermoera, water scluble A-B diblock metallopelymers can be prepared via alkylation of alkyl
halide ferminated methyl monosther polyethyviena glycol (M, ~ 2000-10000 g/mol) with P3HT thiclate
intermediates. Water soluble complexes can also be prepared by acidic deprotection of P3HT-biock-
Fe.5:{CO)s-block-poly{acrvlic acid) (PIHT-b-Fe5,C0:-b-PAA) with TFA, since the diiron complex was
found to be stable to TFA. Without wishing to limit the invention to a particular theory or mechanism, the

amphiphilic A-B diblock metalipolymers can form block copolymer micelles when dispersed in waler.

{#0123] Phosphine Terminated P3HT Ligands.

[00124] Relerring to FIG. 25, an additional strategy for preparing P3HT covalenily atiached o a [FeFg]-

hydrogenasea active site mimic is to append P3HT with a phosphing molety which can then ba used 85 a

19
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figand for iron in place of a CO ligand. The simplest strategy for accomplishing this is fo prepare P3HT
with a terminal phosphine ligand. in a few cases, the metal complexes can be electropoilymerized o give
conducting films bul the preparation of polythiophenes appended with phosphinas and their meatal
complexes have nol been reported. Consequently, the first lask is to prepare P3HT with 8 terminal
phosphine. The standard method for preparing thiophane phosphines is to react a lithiothiophena with a
phosphorus slecirophile: ArgPX, ArPX; or PXs, X = Cf or Br. The lithiothiophene is obtained by
deprotonation of the thicphene with Buli or halogen melal sxchange of the a-halo (Br or i} thiophens
with n-Buli. Once the phosphine terminaied P3HT is in hand the reactions with Benzcat is carriad
analogously to the ligand substitution reactions. The ability of phesphing terminated P3HT ligated o
Benzcat 1o generate H; on irradiation can be evaluated using the methedology outlined above for the
other P3HT-{2Fe28] polymers. Without wishing to Himit the invention to a particular theory or mechanism,
the [FeFel-hydrogenase active site mimics with phosphines instead of CO ligands are reduced at
potentials 0.2 to 0.3 V more negative. This means that the LUMGC energy level of these complexes is
raised and the viability of electron-transfer from the exciled stale HOMO of the P3HT moiety to the
[2Fe2S8] moiely may be at issue. Howsver, the electron donating ability of the phosphine may be
amelioratad by electron-withdrawing substituents; thus, metallopolymers can alsa also bs prepared from
the commarcially available bis(p-trifluoromethyiphanyliphosphorus  chlorida  and  bis{(p-pantafluoro-
phenvliphosphorus chioride. In addition, pyrroliding groups on phosphorus increase their w-acceptor
propartias and it has been raporied that the mono-and bis-tripyrrolidinophosphine complexes undargo only
small cathodic shifis of 30 and 60 mV, respeciively, as compared ic their all-CO ligaled [2Fe28]

complexes.

[60125] Characterization of Metallopolymers

[00126] Varicus speclroscopic methods such as 'H and °C NMR and IR are useful in characlerizing
2Fa28 active site mimics as well as X-ray crystaliography. X-ray crystal structure analysis is not feasible
for the mestallopolymers but NMR and IR spectroscopic analysis are essantial. In addition, o 'Hand PC
NMR spectroscopic analysis P NMR spectroscopy ara useful in characterizing the phosphino polymeric
ligands and their 2FeZ8 complaxas. it should be noted that IR spectroscopic analysis is especially useful
bacausa the metal carbonyl streiching bands are especially strong and cccur in a characterisic region of
the IR thatl is devoid of most othar absorptions. in addition, the position of these bands depends on the
elactron richnass of the metal center, for example, the metal carbonyl IR stretching fraquencies of 1PTA
occur at 2052 (s), 1993 (s}, 1978 (s), 1938 (w} whereas those of the more electron-rich center in the bis-
phosphine complex 1PTAZ2 occur at 2002 (s}, 1959 (s}, 1936 (s), 1926 (w) em”. In the case of P3HT, the
haxyl groups and thiophene hydrogens occur in characleristic regions and it is known that in thiol

terminated P3HT the chemical shift of the adjacent CH, moisty of the hexyl group undergoes a shift.

{B0127 Intermolecular Elactron Transfer

{00128] in one embodiment, poly{3-hexyithiophene) (P3HT)} and fullerene derivatives are used in bulk
hetercjunction solar cells bacause upon irradiation, P3HT forms excitons which migrale o the interface
with the fullerene derivative wherein ionization occurs with an electron migrating through the fullerene and

the hole migrating through the P3HT. To effect excifon dissociation, a key advance was the finding that
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photoinduced electron-transfer from m-conjugated polymers such as polythiophene to Cgy was ulirafast.
Consequently, bulk heterojunction celis, epitomized by regioregular pely(3~hexyithiocphene) P3HT and a
fullerene derivative: [6,8]-phenvi-Cgy butyric acid methyl ester CPCBM, in which the two materials form a
interpenairating bi~continuous material proved especially advaniageous. Here, on pholoaxcitation, the
exciton formed in the P3HT material diffuses o the interface with CgPCBM and an elactron is fransferred.
in this process, the photoexcited P3HT acts as an sleciron donor and the CgPCBM acts as an eleciron
acceplor. Although this electron transier separates the elactron and hole, thay are still coulombically
bound. This coulombically bound interfacial eleciron-hole pair must then dissociate into frea charge

cariers.

{30129] The fullerene derivative can be replacad by a bioinspired hydrogenase active sile 2Fe-25 maodel
and covalently linked. Furthermore, the experiments can be done in solution in the presence of weak acid
that is stronger than acetic acid, and a sacrificial slectron donor. It is axpecied that the polythiophene
preferantially absorbs the light. Without wishing to Bimit the invention to a particular theory or mechanism,
the exciton formed by absorption of a photon by P3HT would ionize and transfer an elactron to Benzcat
forming the corresponding radical anion and concomitantly forming a hole in the polymer. For this o be
energetically favorable, the LUMO anergy level of the P3HT must be higher in energy than the LUMO
tevel of Benzeat. Furthermore, the reduction of petential of Benzeat and its LUMO anergy can be tuned by
substituents on the banzane ring. In order o generate H, from protons, 2e are required as follows:

2H +2e = Hy.

[60136] Addition of a second electron to Benzcat is more favorable energetically than addition of the first
electron, that is, there is potential inversion, rendering addition of a second electron to the slable Benzcat
anion radical more favorable than the first after reorganization as outlined in FIG. 26. Note that the
reorganization obtainad after one-eleciron reduction requires rotation around one of the Fe atoms,
formation of a bridging CO and Fe-S8 bond weakening. Protonation followed by H. loss regenerales

Benzcat. Tha hole in P3HT is filled by the sacrificial electron donor regenerating P3HT.

{B0131] An experiment was done in which a solution of P3HT and Benzcat in {oluene was irradiated with
light of greater than 450 nm with thiophenol as the prolon and electron source and the formation of Hs
was detected by gas chromatographic analysis on a molecular sieves column using a thermal conduclivily
detector. Efficient photocatalylic generation of H, was shown by GC analysis {see FIG. 28). It is theorized
that the machanism occurs in which 2¢” are added to Benzeat and thiophenol prolonates the dianion. The
hole in the P3HT is filled by electron transfer from thiophenol and this ganerates sirong acid o react with
the u-bridged hydride producing H, and regeneraling Benzcat., it should be noted that spactroscopic
studies with P3HT and Benzcat did not show any evidence for association in tha ground stata, that is, the
UV-Vis absorption spectrum of a mixture of P3HT and Benzcat was the same as the sum of the individual
spectra. In this experiment, the photoexciled P3HT and Benzcat must near each other for aslectron
transfer to occur. In other embodiments, it may be possible {o improve this electron transfer by covalently

attaching the two moieties by side-chain or end functionalization of P3HT.
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[00132] Intramolscular Electron Transfer

[#0133] The efficiency of electron fransfer between P3HT and FeZS2 catalylic moieties on irradiation can
increase in the metallopolymers outlined above. Consequently, irradiation of these mslallopolymers in
organic solvents in the presence of thiophenol can more efficiently produce H,. In addition, irradiation of
tha A-B diblock metallopolymers can be done in waler or agueocus THF., Without wishing to limit the
invention to a particidar theory or mechanism, it is theorizad that this reaction is a surface reaction in
which the thiclate anion binds to the surface of the quantum dot and iransfers an elecltron 1o the
photoexcited quanium dot, The thiolate radical, which is observed by EPR speciroscopy, then couplas
and concomitanily forms H,, However, nc Hs is produced upoen irradiation of P3HT and thiophenol, The
presence of Benzeal is required for rapid production of Hy. It is important o note that the present
experiments were done in foluene. Under aqueocus conditions, thiclate is present, but in ioluene, ils
concentration is very low because the pKa of thiophenol in toluene is much greater than in water. 1t shouid
be emphasized that under the present conditions, it is assumed that the reaction forming H; is ionic, not
free radical. That is, a proton reacts with the iron hydride forming H,. The consequencas of parforming the
photoreaction with 2Fe2S metallopolymers in waler are of value. I should be noted that irradiation of
Banzcat in the presance of eosin as photosansilizer and Et;N as sacrificial alectron donor at pH<6 in SDS
micelles affords H,. For example, the aquaous system allows for control of the pH of the solution using
buffers. lrradiation of P3HT-2Fe28 in the prasence of thiophenol at nautral pH may result in evolution of
Ho due to the free radical process outlined above owing to the presence of phenylthiolate. However, at low
pH where thare is little thiclate, the ionic mechanism outlined above may dominate. This is important
bacausa in water, sphtiing cell protons generatad by oxidation of water can catalytically reduce on
irradiation of the present catalysts. In the system in which hydrogenase is replaced by P3HT-2Fe2S
photocatalysts, both the oxidation of water and the reduction of protons would be photocatalyzed. Ideally,

in such a systam no sacrificial reagent would be requirad.

[00134] [FeFel-Hydrogenase mimics absorb in the visible in the same region as polyvthiophengs.
Consequently, it is relevant to consider which moiety praferentially absorbs light, Gligothiophenes may be
able to saleclively absorb light and there may even be charge transfer bands in these complexes. Of
particular nole s the visible abscorption spectrum of terthiophene calalyst as compared with
monothiophena catalyst, as shown in FIG. 31. The exdinction coefficient for the absorption at ca. 350 nm
increasas dramatically as the number of thicphene rings increaseas. Furthermore, thare appears o be long
wavelength bands in the oligothiophene complexes that are not in the monocthiophene complex. In the
visible ahsorption spectrum of the terthiophens calalyst, there is a naw peak with a maximum 90 nm o
the pentane line of the monothiophene complex and the extinction coefficient is increased dramatically
{ca. 25X). This long wavelength band suggests the possibility of a charge transfer band with the
oligothiophene acling as the donor and the FeZ82 moiety acling as the accepior. Although the new long
wavelength bands do not shift in absorplion maxima as a function of sclvent polarity, they still may be

charge transfer bands.

[#0135] As used herein, the term “about” refers to plus or minus 10% of the referenced number.
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{B0136] Various modifications of the invention, in addition fo those described herein, will be apparent to
those skilled in the art from the foregoing description. Such modifications are also intended to fall within
the scope of the appended claims. Each reference cited in the present application is incorporated herein

by reference in its entirety.

{80137 Although thera has been shown and described the praferred embodiment of the present invention,
it will be readily apparent o those skilled in the art that maodifications may be made thereto which do not
exceed the scope of the appended claims. Theraefore, the scope of the invention is only to ba limiled by
the following claims. in some embodiments, the figures presented in this patent application are drawn to
scale, including the angles, ratios of dimensions, efc. In some embodiments, the figures are
representative only and the claims are not limited by the dimensions of the figures. In some embadiments,
descriptions of the inventions described herein using the phrase “comprising” includes embodiments that
could he described as ‘consisting of’, and as such the wrilten description requirement for claiming one or

more ambodimants of the present invention using the phrase “consisting of” is met.
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WHAT IS CLAIMED IS:

1. An electrocatalytic metallopolymar for generating hydrogen {H,), said metaliopolymer comprising

Ny

N

(83 ]

an elactrocatalytically active complex bondsd to a polymer.

. The metaliopolymer of claim 1, wharein the metalicpolymer is according to tha following:

Complex — L; — (Polymer}); ,wherainjis 1 or 2.

. The metaliopolymer of claim 2, wharein the electrocatalytically active complex is the following:

B8
e FoN
{}Qx‘;}ﬁ‘; SO

. The matallopolymer of claim 2 or 3, wherein L, is the following:

, wherein a phenyl group of L, is bondead o the complex.

. The metaliopolymer of any one of claims 2-4, wherein the polymer is according o the following:

FEAA BH-X

ranges from about 1-1,000, wherein A and B are each derived from an unsaturated monomer,

, wherein X is |, Br or Ci, wherein m ranges from about 1-1,000, wherein n

and wherein A is identical to B or A is different from B.

. The metaliopolymer of claim 5, wharein the polymer imparts walar solubility o the meataliopolymer.

. An electrocatalylic metallopolymer for generating hydrogen (H.), said metallopolymer comprising a

O

metallopolymer complex according to Formula 1:

2 { 0
X—t B+ AP{’&‘@ ) Qﬁ\ﬁsaﬁ BJ=X
B

oC SO {Formula 1)

wherein X is |, Br or Cl, wharein m ranges from about 1-1,000, wherein n ranges from about 1-

8

1,000, wherein A and B are each derived from an unsailurated monomear, and wherein A is

identical to B or A is different from B.

8. The metallopolymer of any one of claims 5-7, wherein the unsaturated monomer is a vinylic

maonomer.

s
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9. The metallopolymer of claim 8, wherein the vinylic monomer is a styrenic monomaer, a methacrylate

10.

1.

12.

13.

14.

15.

monomer, an acrylate monomer, or functional analogues thereof.

The mealallopolymer of claim 9, wharein the vinvlic monomer is methyl methacrylats, 2-
(dimethylaminoclethyl mathacrylale, poly(ethylene glycol) methacrylate, styrene (Sty), Sty-8C,Na,

or Sty-NR,, wherein R, is H or CHa.

The metallopolymer of any one of claim 8-10, wherein the vinylic monomer comprises a functional

water-soluble group that imparts water solubliity to the metaliopolymer.

The metallopalymar of claim 11, wherein the functional water-soluble group is an alcohal, amine,
amide, aster, carboxylic acid, sulfonic acid, ammonium group, carboxylate group, sulfonate group,

or gthar group.

The metallopolymer of claim 12, wharein the ether group is an oligo{ethylene glveol) or &

poly{ethylene glycol).

An electrocatalylic metallopolymer for generating hydrogen (H;), said metallopolymer comprising

a metaliopolymear complex according lo Formuia 2:

e ot
e g & 3‘3 %
o™i ) Co

O L0 (Formula 2)
wherein X is |, Br or Ci, wherein n ranges from about 1-1,000, wherein R is H or CHj;, and
wherein R is Ph, Ph-NR;, Bn-NR,; FPh-80;Na, COOCH; COOBn, COO{CH;)RN(CHj)s,
COO{CH,)N(CHLCH;) or CO{CH,10),,CHj, wherein R, is H or CHj, and wherein m ranges

from about 1-100.

The metallopolymer of any one of claims 1-14, wharein the melallopolymear complex is according

to any one of the following:

25
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16.

17.

18.

21

wherain m ranges from about 1-100, wherein n ranges from about 1-1,000, and wherein p ranges
from about 1-1,000.

The metaliopolymer of any one of claims 1-15, wherein the metaliopolymer complex is soluble in

organic or aqueous solutions.

The metallopolymer of any one of claims 1-16, whersin the metallopolymer complex has an MM,

ratio that is less than about 1.3

. Tha metaliopolymer of any one of claims 1-17, wharein the maialiopolymer complex is capabls of

generating H; from aqueous solutions.

The metaliopolymer of any one of claims 1-18, wherein the metaliopolymer complex is siable

when exposed {o an aercbic environment.

. The metallopolymer of any one of daims 1-20, wherein the metallopolymer complex maintains

stability whan expesed to the asrobic environment during H, generation.

. The metallopolymer of any one of claims 1-20, wherein the metallopolymer complex has a tumn
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over frequency of at least about 10° k(s”) in water.

22. The metallopolymer of any one of claims 1-21, wherein the melallopolymer complex has an

overpotential of at most about 700 mV in water.

23. A mathod of generating molecular hydrogen (H,), said methed comprising:
a) providing an electrocatalytic metalfiopolymer according to any one of claims 1-22;
b} adding the electrocatalyvtic metaliopolymer {o an organic or agueous electrolyte solution to
form an electrocatalytic mixture; and
¢y performing elactrolysis using the electrocatalylic mixture, wherein the electrocatalytic
metallopolymer accepts slectrons from a cathode, generating a reduced form of the
slectrocatalytic metallopolymer which is protonated by some prolic spacies in solution,

thersby reducing prolons in the slecirolyte solution {o produce Hs.

24, The method of cdlaim 23, wherein the electrolvie solution comprisaes water, tetrahydrofuran,
acefonitrile, alcohol, ammaonium, alkyl ammeniums, sulfonic acids, carboxylic acids, or a

combination thereof.

25. A method of producing an electrocatalytic metallopolymer according to any ons of claims 1-22,
said method comprising:

a} providing a metallcinitiator according 1o the following structure:

o
\*‘E\Q .,

4
ch\?{%x‘i LCO

= ﬁ§:m§\s§=

y.\ AS w
oc® § i €O
oC

b} providing an unsaturated monomer;

¢} providing a transition metal catalyst;

d} providing a ligand;

€} mixing the transition metal catalyst and ligand lo form a metal-ligand calalyst; and

f}  mixing and heating the melalloinitiator, unsaturaled monomer, and metaldigand catalyst
to activate an atom-fransfer radical-polymerization (ATRP) raaction, thareby forming the

slacirocatalytic metallopolymer.

Z26. The method of claim 25, wherain the transifion metal catalyst comprises a coppear complex.

27. The method of claim 25, wherain the {ransition metal catalyst comprises Cu(l)Br.

28. The meathod of any ons of daims 2527, whearein the lgand is  NNN N N"
Pentamathyldisthylenetriamine, 1,1,4,7,10,10-Hexamethyitriethylenetetramine, or 4,4-Dinonyl-
2,2-dipyridyl.

[
~J
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28.

30.

32.

34.

35.

The method of any one of claims 25-28, wherein the unsaturated monomer is a vinvlic monomer.

The method of claim 28, wharein the vinylic monomer is a styrenic monomer, a methacrylate

monomar, an acrylats monomer, or functional analogues theraof.

i. Tha method of cdaim 30, wherein the vinylic monomer is methyimethacrylate, 2-

{dimethylaminolethyl methacrylate, poly(ethylene glvcol) methacrylate, styrene (Sty), Sty-SQO;Na,
or Sty-NR;, wherein Rz is H or CHa.

The method of any one of claims 28-31, whersin the vinylic monomer comprises a functional

watar-soluble group that imparts water solublilty to the mestallopolymer.

. The method of daim 32, wherein the functional water-soluble group is an alcohol, amine, amide,

estar, carboxylic acid, sulfonic acid, ammoenium group, carboxylate group, sulfenate group, or

ather group.

The method of claim 33, wharein the ether group is an oligo{ethviene glycol) or a poly{ethylene

glycol).

Tha method of any ons of daims 25-34, wherein providing the metalloinitiator comprises:

a. providing a hydroguinone complex according to the following structure:

b. providing a-bromoiscbutyryl bromide (BIBB); and
c. mbting the hydroguinone complex and BIBB, wherain the BIBB estarifiss the

hydroguinone complex to produce the matalloinitiator,
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