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General Introduction

1. Background and challengegor CO> reduction

Worldwide energy consumption has constantly increahael to the rising
population angjrowth of economyJncontrolled combustion afil, natural gasand coal
has resulted in theapid depletion of limited fossil fuels resourcesd release of
greenhouse gasich asCO; into the atmosphere which causes global wartitiflg

To solve these problemitie development of a catalytic system that can convert
COeinto renewable fuels and commodity chemidads raised much attentiohithough
ideal system is direct conversion of C@into liquid fuel the reduction of C@into
simple G building blocks such asarbon monoxideGO) andformic acid HCOOH) is
also economically desirabl€O can be useals a resourc® synthesis methan@CO +
2H, Y CsBH + H0), while HCOOH represents a promising reversible hydrogen
carrier and other applicatiofs!

Generally,one electron reduction of GQo Co’ is challenging because it
requires higrelectrochemicapotential(Table 1, eql), which is attributed tahe large
reorganization energy between the linean@®lecule andhebent CG* radical anion
As an alternativeprotoncoupled multielectron CQ reduction processes arenore
favorableasthermodynamically more stable molecules are prod(€able 1, eq3 7).
Therefore, a single catalyst that can accommodate several redox equivalents is required
in order to facilitate miti-electron transfer reactioim addition, the catalyst should be
sdective towards C@reduction rather than the competing proton reduction reaction
(Table 1, eq8).[5



Table 1: Standard redox potensigbr CO; reduction and EHevolution reaction in pH 7
agueous solution vs. NHE, 5 1 atm gas pressure.

Reactions E (V)

CO+eY GCbO+H0 E = 1 (1)
2C+2eY CO # CO E = 0 (2
CO,+2H+2eY CO 0 H E = 0 (3
CO;+2H+2eY HCOOH E = 0 (4)
CO,+4H +4eY HCHOO0+ H E = 0 (5)
CO,+6H +6eY CHsOH+ HO E = 0 (6)
CO,+8H+8eY CiH2HO E = 0 (7)
2H +2eY H E = 0 (8)




2. Na t s example inCO: reduction

In nature plantsperform photosynthesis ttonvert solar energy into chemically
accessible energyource Photosystem linitiates photosynthesis bgatalyzing light
driven water oxidatiori2 H,O Y O+ 4 H" + 4 &) at oxygen evolving center (MBa
cluste).”! The emergedelectronsand protons areonvertedto bio-reductantssuch as
NADPH and ATP These biereductants areconsumed in the Calvin cycle tfix
atmospheric C®into carbohydrateyhich is thenaturalcarbonbased fuel.

Of patrticular interestselectiveCO, reduction into CO is carried out lmarbon
monoxidedehydrogenaseluster C(CODH), which can be found isome anaerobic
bacteriasuch asvl. thermoaceticandC. hydrogenoforman3dhe CODHconsists of Ni
and Fe active centebsidged by &eS4 cluster forming adistortedcubanelike NiFesSs
cluster(Figure 1)® In CODH,CO, reductionreaction isnitiatedby theelectron transfer
from the neighboring ferredoxin moieties, generating tlaalytically activdow-valent
Ni centerthat bindCO,. The resulting C@adduct isstabilized bytheadjacent protonated
histidine and lysie residuesneanwhile Ci O bond cleavages assisted by thelightly
electrophilic F& centervia push pull mechanismThe low-valentNi center serves as a
Lewis base to donate electransCQ; ( i p u whiletheFe' centeracts asaLewis acid
to facilitate the electron transfer from Ni to G@ f p U1 Aihpugh CODH is not
suitable for industrial applicatiotue to is extremely oxygersensitivepropertiesit has
provided inspiration for the design of new catadyet CO, reduction!

[Fe4S4]
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Figure 1: Proposed catalytic active site fors8&luctionof CODH.°-14



3. Artificial ways in CO 2 reduction

The gal ofanartificial photosynthesis is tdevelop a catalytic system that can
utilize sunlight to convert C&into high-energy chemicals bmimicking the plants and
photosynthetic organism®ne of the major challenges in artificial photosynthetic system
is to performall these biomimetic taskimultaneouslye.g., absorption of light, water
oxidation, and C@reduction) An alternative strategy is to divide the overall process into
its two half reactions, water oxidation and £@ductia. This strategyallows detailed
mechanistic study and optimization of the catalyst. Once each side is optithizesl,
half reactions are ready to be combined ginglecaglytic systeni?14

| n my wo cuging in thé devefopment aietal complexes asatalysts
for CO, reduction.In order b initiate the CO, reduction, the catalydirst need to be
reduced and the reduced catalysan theninteract with CQ to promog the reaction.
Generally there area couple ofvays to supply electrons to thatalyst;electrochemical
and photochemicaiethodd'>1° The details about electrand photochemical GO
reduction areliscussedn the following sections.



3.1 Electrochemical CQ reduction

In an electrochemical systeng catalyst accept®lectrors directly from a
working electrodendform anactive species tha¢duce CQinto various products within
the reactiordiffusion layer.(Figure 3.1% Since the amount dheactive catalyst located
in the reactiordiffusion layer is very smallarger surface area tiie working electrode
is often associated with thenhancement of electrochemical O®@ductionrate!®! The
applied potential is another key factor dictating the efficiency of electrochemical CO
reduction. The more negative the applied potential (higher overpotential), the greater the
rate of catalyticeaction

Thematerials ofcattodic working electrodgreatlyinfluence the efficiency for
COz reduction. Pt cathode isot a goodchoice forthe CO, reduction because it has
exceptional activity for competing proton reduction reaction at veryoeevpotential in
protic solvents. Under such condition, the catalytic system suffers from low selectivity
for COz reduction over Hevolution. In contrast,lgssy carbon electrode is a better option
because it hasldtle large ovempotential forthe proton reduction, giving it an extensive
negative potential window fahe CO, reduction. Glassgarbon electrode is also easy to
handle and notoxic compared tdHg electrodd®’]

Electrode Reaction-diffusion Diffusion-conversion
layer layer
- Bulk solution
Cat(Mmn* Substrate <—————— Substrate
(€0 (COy)
ne- ! !
Cat™ Products —————— Products
(CO/HCOO0") ' (CO/HCOO")
x=0 n 3

Figure 2. Electrochemical reaction ithomogeneous catalysis, where x, and U
corresponds to thdistance fronthe electrode surface, thickness of reaction lagaed
thickness of diffusion layeespectively*>:©



3.2Photochemical CQ reduction

Photochemical C®reduction can be carriedut via dye-sensitizedor nor
sensitized catalystBorthedye-sensitized C@reduction three components are required,
which incluce photosensitizer (PS), sacrificial electron dof8), and a catast PSis
neededto extend the light absorption of the catalytic systarile SD isusedas an
electronsourceto regenerate R3fter absorbing a photon, quenching of the excited state
of thePSmay occuiin two possiblevays: reductivejuenching ooxidative quenching
for producingthe reduced species of catalfEgure 3.11681% Ru polypyridyl complexes
such as [Ru(bpy)?* arefrequently employed aBSto drive the photoreaction because
they can harvest visible i ghat= (8450 470 nm) and show rel af
life-time (6 us)?>?! RuPS iscommonly reductively quenched 9P forming the one
electron reducesgpecies, which then transféhe electron tacatalyst (Figuréa). Metal
complexes are commonly used asdhatalyst and the details are given in Sectiofi%9

For nonsensitized C® reduction,only SD and catalysare required No
additionalPSunit is neededThe photocatalyst can harvest energy from light and catalyz
CO. reduction by itsel{Figure 4€). However, this category of photocatalysts is rare in
literature, mainly limited to Re and Ir polypyridyl anetalporphyrin complexe®?2

The most widely use8D in organic solventaretertiary aliphatic amines such
as triethylamingTEA) and triethanolamine (TEOA).d@nzyme NAD(P)H models such
as tbenzytl,4-dihydronicotinamide (BNAH) and 1,8imethyt2-phenyt2,3-dihydro
1H-benzo[d]imidazole (BIHjpre also used as SBigure 5.6

a) Oxidative quenching b) Reductive quenching

hv hv

7N 77N
PS PS* PS =5
smx /( Cat Catx /( SD
SD ps* Cat” Cat PS sp*

Figure 3 Mechanism for(a) oxidative quenchingand (b) reductive quenching of
photosensitier (PS = photosensitizer; Cat = catalyst; SD = sacrificial electron donor).



a) Dye-sensitized catalysis b) Non-sensitized catalysis

hv
HCOO™ T
Cat Cat
CcO sD
HCOO™
+

co SD

z Cat?" Cat”

Figure 4 Simplified reaction scheme f@a) dye-sensitizegphotochemical Cereduction
via reductive quenching pathwagnd (b) nonsensitized photochemical G@duction
(PS = photosensitizer; Cat = catalyst; SD = sacrificial electron dBfor).
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Figure5: Structures of commonly used sacrifiadéctron donors for photochemical €0
reduction and their oxidation potential. Redox potentigégjiven in V vs. SCE69)



4. Common factors concerning electre and photochemical CQ
reduction

4.1 Solventeffect

The solvent effect is one of thessential factors affecting the e@@duction
reaction.Solubility of CO,, redox potential of catalysBSand theSD, and stability of
reaction intermediates are all affectedtny choice of solvert® Most of the time, metal
complexeswith substitutionlabile sites (where CQ would react) that is occupied by
solvent moleculeare utilized as catalyst§herefore, slvents that weakly coordinate to
the centraimetal ion are usually preferréd.g.,MeCN and DMF)so that these solvent
ligandscan be easily substituted by €during the catalytic cyclédt is note thatrecently
DMF was foundto be readily hydrolyzed to HCOOn the presence of 4, which
making it difficult to quantify HCOOas a product ahe CQ reduction. As an alternative,
N,N-dimethylacetamide (DMA) has been proposed as a substitute for DMF due to their
similar chemical properties, and higher stability of DMA towards hydrol§fis.

In principle, water is the ideal solvent for catalytic reactbecause it is abundant,
norttoxic, and able to dissolve many different kinds of molecules. Howeves, CO
reduction in full aqueous solution has encountered several obstmtesxampleCO;
has higher solubility in organic solvents (0.28 M in Me&N? and 0.23 M in DMH?
at 20 C) than in aqueous medium (0.04 M inr®¥?*39. High HO contents could
decrease the quenching efficiency of the excited stateSlof sacrificial electron donor,
which in turn suppressed the photocatalytic,@&ludion activity?”) Moreover, metal
catalyst andPS often suffer from poor stability in agueous solution due to
decompositior?1631



4.2 Proton source

The additon of proton source orweak Bres t ed aci d (fabl e 1,

H-O, methanol (MeOH) 2,2,2trifluoroethanol (TFE), and phenol (PhOH) often
enhanced the catalytic G@eduction®*3¥ |n DMSO, the K, of H,O, MeOH and TFE

were estimated to be 31.4, 29.0, and 23.5 respectifdiyhas been proposed that proton

source could facilitate the c btereughggshk
pull mechanisn(Figure &)*¥ and also stabilizing the G@dduct through Hbonding
(Figure ®).%% However, the use of stronger acids for increasing the @@uction
activity may not be a good stratejgcausehe catalystsnay reduce the acid proton

of on

into hydrogen aaside reaction. The addition of Lewis acids was also reported to improve

€

the cataytic reactionviafibi met al | i ¢ ef fect o t haFiguessi stin
60).[37-39]
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4.3 Coordination modes of CQ to metal centers

The CO; reductionactivity of a metal compleis governed by their ability to
bind the substrateG0O;). The differences in C&coordination modes often account for
varied products formation (CO or HCOD The electre and photochemicallO;
reduction begins witthe generation of low valent metaroplexwith an open metal site
(Section 3.1 and 3.2Jollowed bythe interactiorwith CO, via two major modes®-C
binding modeor insertion into a metahydride bond (NMH bond) (Figure 7§17

Since the electron density of @@ highly delocalized with alightly positive
and negative charges ecarbon anaxygenrespectivelyCO;, coordinates to the vacant
site of arelectronrich lowvalent metal center througheelectrophilic carbon atom with
"‘®-C coordingion mode and formsa CQ adduct(Figure 7af3*" The metalbound CQ
adopts a bent ge o nséavorahly cleavaiih thelpreserCe gfdotob o n d
source (e.g., BO, MeOH, TFE, and PhOHand gives CO as a product Some
representative exampléslowing this pathwaynclude PdPPPpincer, Fe porphyrin Co
and Ni cyclamas well asRu and Re polypyridytomplexeg>61518

On the other handpor metathydride species, the metal censérows slighly
positive chargendnegativecharge locates at thgydride ligand. Thereforayhen CQ
is inserted into aMiH bond, one of the oxygen atoms shouhderact with the
electrophilic metal center and the carbon atom with the nucleophilic hydride \ligand
forming a metaformateintermediate(Figure 7b)*'”l The metal formate intermediate
can then release HCO@s productin electre and photochemical systems, protonation
of a low valent metatomplexwould afford metahydride.ldeal proton source is water
because highly acidic proton source may promote further protonation ofhydtale
species that results in the cortifpee H> evolution reactionPreviously, metahydride of
Ru, Rh and Ir polypyridine, Rh diphosphine, Ir PXP pincer (X = C and N), and Fe
carbonyl cluster have been identified as the active species for the catalytic production of
HCOO .[3’5’17]

10



Until now, there isstill no clearexplanationas to whysomemetal complex
activatesCO, via "@-C binding mode but ndhrough the metahydride specigandvice-
versa While theabovementionecexampleshowed thathe CO, coordinatiormodes are
largely affected by theombinationof metalions, ligand systers andproton source
Upon reductionthe low valent metal omplex may exhibitdifferent binding affinity
towards CQ (Figure 7ajand protor(Figure 7b) The former leads t60, adductandthe
latter to a metahydride.The CQ adduct favas CO production, whilette metalhydride
may then react competitively with GOand proton to yield HCOOand H
respectively*®!

a) n'-C binding mode

n—

O
- +CO /7
M ey —— MG
(0]
b) Insertion into M—H bond
-1)- -1)—
. o s co o C//O (n-1) (IJI (n-1)
_ + p— U
M0 e w0 8 — |
o M

Figure 7: Commontwo modes of C®@ binding to the metal center during €O
reduction>171
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5. Molecular metal-basedcatalystsfor CO2 reduction

Regarding the catalysts for G@&ductionthe current trendn research focuses
primarily on two types of compounds: solid materials amaecular catalysts. While
appreciating the former approdéh**! molecularcatalystsdisplay several advantages.
Molecular catalysts allow firuning of their catalytic center by precise ligand design as
to improve the selectivity and efficienapwards CQ reduction For instance, the
modification of Fe porphyrin with penda®H functionalitiessignificantly enhancethe
turn overnumber of catalys® The introduction of positively charged
trimethylanilinium groups in the Fe porphyrin results in the,@&luction at a low
overpotential?¥ Homogeneous molecular catalystsabledetailed mechanistic studies
using various spectroscopic methods, and tbay be fabricated as heterogeneous
catalyss thataresuitable for industrial uség8113151969.717274

To date, variousmolecular catalystdor electre and photochemicalCO,
reduction have beanvestigatedising transition metalomplexe with variouskinds of
ligands,for instancamacrocyclic ligands, polypyridyl ligands, and phosphine ligaasls
shown in Table £%26:3246%61 |njtial works by Tanakaet al demonstratedthat
[Ru(bpyx(CO)X]?>* and its derivatives were efficient catalystr electro and
photochemicalCO, reduction®™®@ An attractive characteristic ddu complexesvas
tunable produstselectivity(i.e., CO and HCOQ by thereaction condition§%¢¥ Hence
Ru complexes have been widelyploredandmore will bediscussedh Section5.1 Lehn
et al firstly reportedthat Re(bpy)(CO3)(X) (X = Cl or Br) complexesould functionas
nonsensitized photocatat for CQ reduction®® Since then, a variety of Re complexes
have been developed for electand photochemical C®reduction6-*81°1Unlike Ru
complexes, Re(bpy)(C@)X) andits derivatives mainly produce C&:>4%0 Savéantet
al. have shown that Fe porphyrioguldcatalyzeselectiveelectrochemicaCO; reduction
to CO[1529.32333738] Fa norphyrinsverealsostudiedfor photochemical C&reduction in
the presence and absence ofi#%79 |n these complexedigandscanprovide a rigil
support for the metalenter,provide additional sites for electron storaged stabilizing
the low valent metatenterandcatalytic intermediate (C£adduct)®-61""73 Recently,
there is a considerabilaerest in the use of cheap and abundantifinsttransition metals
(e.g., Mn, Fe, Co, Ni, Cgs a substitutior noble metabasecdatalysts in C@reduction
studied>®1"%4-721 Among these firstow metals, Ni is particular friguing due to its
presence ithe active center afatural catalyst for C&eduction CODH& Y whichshall
be elucidated ifbection5.2

12



Table 2: Moleculametatbasedcatalysts for electroand photochemical COeduction.

Macrocyclic ligands

2+

2

T

/

/
N

I\

v

RY, R?, R= H; M = Co/?3 Fd2337 M = Ni, Cd*™4a
R!, R = H, RB= NMes*; M = Fé27d

R, R2= OH, R= H; M = Fe[2232 Cy4d

X
YE)\/
N

\M/N

Ne |
KH \NH

/
N
/
M = Fe,Cd49

n+

Polypyridine ligands

n+

M

oc” |

L

R! R2, R®= H; M = Re[2450 Os[54 Ry 153 Mn[53
R, RR=H, R=COOH; M = Mi*

Rl, R?= H, R = Mesityl; M = Ru,[5253 Mn[58

~co

n+

M = Os/57 Ru /58 RH5

RL, R?, RS = Hi5%60 M = Fel62 Co 6 Cuis3 R = H2
R!=tBu, R=H, RB= CH,%1 R = CH28]
Rl =tBu, R = CHs, R = HI®Y
Phosphine ligands
2+
Cl 2 2+ L R
R, ' Ry P
P, WP PR2 /Cu/ \\
(/'Rh; PhP— Pd—N=— NK/\ N

P P ||3R2 NLP/(:\U/

R, Ry R, |

R = PH54 R = GHs/ CgH11/ PH®S R = PHed
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5.1 Ru polypyridyl complexes for electro- and photochemical CO-
reduction

Ru polypyridyl complexes with labile coordination sites such as
[RUNNN)(NN)(L)]™, [Ru(NN)2(L)2]™, and [Ru(NN)(L)]"* derivatives(where NNN:
tridentate polypsidine ligand; NN:bidentate polypyridine ligand; Imonodentate labile
ligand)are known to exhibit promising activifgr CO; reductionby taking advantage of
their multiple accessible redox stat&s>%%% |n these systems, polypyridine ligands
play an essential role as an f ezirgecattiono n
site (Figure8).

Tanaka and cavorkers first repored the electroatalytic CO, reduction by
[Ru(bpyk(CO)]?* to yield CO and HCOO®881 Meyer et al later demonstratedhat
[Ru(tpy)(bpy)(MeCN)f* could catalyze electrochemical €@duction as wellTwo
sequential onelectron reductioriook placeat thel o w e sotbitals of tpy and bpy
ligands to give the doublseduced [Ru(tpy(bpy )(MeCN)]°, which can bind C®to
form theCO; adduct [Ru(tpy)(bpy)(CQ? )]° (Figure8). Further liganebased reduction
and oxide transfguroduceCO as final products® 7374

Multi -electron storage

I|I I’I ' I|I ’
N

N
_/'kl," |@ é\' ?\1 N

N ,N'E\‘?@ S N—K?g S N—EE;\‘J
[Rutpy)(bpy)(MeCNJ?*

CQ interaction site

I|I ’
_N’

+CO,
- MeCN _N
T N— U~N¢ S N—' U‘N’
I P

Figure8: Proposed mechanism for &xtivationby [Ru(tpy)(bpy)(MeCN)}*. Reduced
ligands are hightlighted in blu&."4
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Anotherinterestingfeature about Relectracatalysts is thebility to produce
variousreductionproducts, such as CO and HCO®@anaka and cavorkersobserved
that [Ru(bpyk(CO)]?* can produce mixture of CO and Hin slight acidic conditions
(pH = 6), while HCOO was the major product under slight basic conditions (pH
9).5869 The pH dependent product selectivity was explained usingoasid equilibrium
between C@adducts The carbonyl complex [Ru(bpyiCO)]?* exists as the most stable
species under acidic environment that favors CO produc¢bbare path) while the

carboxylc acid complex [Ru(bpyjCO)(COOH)] was the major species under basic

condition that prefers HCOCformation (red path)(Figure 9).[5¢ On the other hand,
Meyer et al proposed that the HCO@roductionwas due to the C@insertion into a
R uH bond formingthe [Ru(bpy}(CO)(OC(O)H)P complexthatreleasd HCOO upon

reduction (Figure 10).¥ Until now, both the proposed mechanisms weften been

guotedto describehe HCOO production.

co 2+
Ho0 N., | .co 2e
( ~Ru
NN
H* N co
OH-
O\\C/OH ) H* H* 0 2
2e”  HCOO-
N.. | .co N.. ..CO N SN
(Nrr"‘u\N \/A <N’R‘U'TN ( =
N N N AN

Figure10: Mechanism proposed by Meyetral for HCOO production™
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Visible-light driven photochemical CQeduction have been widely investigated
using [Ru(NN)s]?* complexesas aPS and [Ru(NNX(L)2]™ and [Ru(NN)(Ly]"*
complexesas a catalystin early 1985, Lehnet al found thathigh concentration of
[Ru(bpy)]?* could promote photochemical G@&duction to HCOQ!’® They proposed
thatthe realactive catalystin the systenfor HCOO production vasthe decomposed
species,[Ru(bpy)(S)2]?* (S = monodentate solvent ligandgFigure 11), while the
remaining [Ru(bpyg?* act as thePS This waslater supported by Tanaket al where
the mixture offRu(bpyk(CO)]?* and[Ru(bpy)]?* in COx-saturated DMF/TEOA (4:1,
vlv) selectively produced HCOO %8 These [Ru(NNYL)2]™ and [Ru(NN)(L)]™
complexes requirednadditionalPSto perform CQ reduction (dyesensiized catalysts
because they hardly absorb visiight, which is different from[Re(NN)(L)4]""
complexegnonsensitized catalyst&y!

+

. “l‘\N 2*sp sp” . T\N s by | SI .
(e A/ (urRey A/ (u=Re=y
N_/ N/

N

+

SD = sacrificial electron donor; S = solvent

Figure 1.: Proposed mechanism for theotoinduced decomposition gRu(bpy)]*.["

During electrolysis or photolysigRu(bpy)(L)]"™" and [Ru(bpy)(L)2]™ -type
complexesoften formedblack insoluble polymeric species, [Ru(bpy)(Gf@)which in
turn decrease the efficiency of catalytic reacti@igure 2).1887#78 |n addition, high
energy isequired to access the active telectron reduced Ru specigsgure8 & 9 &
10). In order to overcome these drawbackgand modification of Ru polypyridyl

complexedave beestudiedto control the redox properties and catalytic activity fo,CO
reduction/19:52.55.61,79

T col
N/, | jwCO 2ne”
n (N(R|U‘N Py T
N N/, WCO
((—RUS
N co
, 2nCI” 0C.,, 0“\N)
ne- u
cl OoC” | N
n (r\l""Rlu”‘\CO T hi2
N | ~Co
cl

Figure12: Proposed mechanisfor the brmation of Ru polymefRu(bpy)(CO}]n.1¢!
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5.2 Ni complexesfor electro- and photochemicalCO: reduction

Earthabundant Ni metatomplexes havéreen exploredfor CO, reduction
reactiors because of its low cqgstelatively low toxicity,as wellasits presencen the
activesite of natural catalyste.g, CODH,coenzyme ko, NiFe hydrogenasestc)®14

In 1980, Eisenbergt al first reported thafNi"(cyclam)f* -type complegs
(cyclam = 1,4,8,11etraazacyclotetradecan€lable 2)could catalyze electrochemical
CO, reduction to C3*1 The catalytically active species was thought to be the one
electron reducedNi'(cyclam)]' species.The e/idence from crystal structuseand
mechanistic studiemdicated theNH protonsin the macrocycle ligand were esseniial
stabilizing the C@adductvia H-bonding(Figure B).[8*82 |n addition,Ni polypyridyl
compleses, such as [Ni(bpyl?*, [Ni(tpy)2]?*, and [Ni(gtpy)(MeCNy]?* wereshownto
catalyzeelectrochemicalCO; reduction to COBoth Ni- and polypyridyl liganebased
reductionwere involvedin promotingthe CO; reductionl®%3 Furthermoredinuclear
and trinuclealNi complexessupported byhosphine ligands hawasobeen studied for
electrochemical C reduction. Thesemultinuclear Ni complexes producedCO
selectively under aprotic conditi and yieldHCOO exclusivelyin the presence of H
donorl&687

o . o
H O §7

/0
H\ — H \ ] H\ l \\H
N N~ Co, NTM?NfH S N N7
—N_" "N —N_" "N S = MeCN —N_| "N
1
S

Figure B: Formation ofCO, adductassistedy NH protons oimacrocyclidigands(®®82

Theinitial example ofNi photocatalyst for C&reduction was demonstrateg
using [Ni'(cyclam)f* as catalystRu(bpy)]?* asPS and ascorbic acid &Din aqueous
solution, which produced mixture of CO and ONco= 0 . 0 3% Re@entty, )Nt
N-heterocycliccarbae isoquinoline complexes were shotencatalyzephotochemical
CO; reduction to CQTOF = 3.9 !, quantum yield = 0.01 ¥n the presence of Ir(ppy)
(ppy = 2phenylpyridine)PSand TEA asSD under visiblelight irradiation!® Kojima et
al. demonstrated thatNi' complex bearing . -type tetradentate ligand could promote
selectivephotochemical C@reductionto CO (TOF = ~1% 1, quantum yield = 1.42 %)
in the pesence ofRu(bpy)k]?* asPSand BIH asSD.®¥ The chemical structuref above
mentioned Ni complexes are shown in Figude 1
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Previous studieshowthatthe ability of theNi catalyss to acamulatemultiple
electronsnear tke thermodynamic potential @O, reductionis the key for the efficient
electre and photochemical CQOeduction The utilizationof redoxactive ligandwas
suggested to bbeneficial for Ni catalystdy providing an additional site fatoring
electrons However,amongthe synthetic systems reped, none are as efficient as the
nat u r-eodtainindl CODHsystem!®® Ongoing research is necessary to rationally
design a new generation of Ni catalysts with improve catalytic performance for CO

reduction.

9
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Chang et al.[%8]
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Figure ¥: Example of Ni complexesstudiedfor electre and photochemical CO

reduction.
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6. Aim of this thesis

Even though numerous metal complexes have been reported to catalyze electro
and photochemical CQeduction, they are stiflar from practical useFor application
purposs, these metal complexes should sHong-term stability, high turnover number,
high turnover frequency, andw-overpotentialin the case of electrocatalyst)

In this study, | oughto improve the catalygierformance for C&reduction by
consdering issues as mentioned ahokest of all, the welestablished Ru catalyst
[Ru(tpy)(bpy)(MeCN)f* is known to bind and activate G@fter twoelectron reduction.
However, he necessity to achieve the doubdguced statéed to an increase inthe
overpotential for electrochemical GCOreduction andlimiting its application in
photochemical C@reduction.Since the carbon atom of G@ slightly electrophilicthe
installation ofa strong electron donatinghosphindigand at thetrans position to the
substitutionlabile site (where C®will bind) is expected t@activate the Ru complex at
its oneelectron reduced stat® bind CQ. Therefore, phosphirgubstituted Ru
polypyridyl complex shouldisplayimprovel electre andphotochemical C@reduction
activity. Secondas inspired fronprevious studied aim todevelopanew generatiof
earthabundaniNi-based catalysfor CO, reduction These Ni complexes contaiadox
activepentadentat®l5 ligands thatcanprovide rigid support for Ni ions and fonction
as an el e ¢whiledNnonsaasaseCO-interaction siteThese Nicomplexes
shouldshow promising behavidor photochemicaCO; reductionreaction.
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7. Survey of this thesis

Chapter ldescribeghe lowoverpotential electrochemical G@eduction by a
phosphinesubstituted Ru polypyridyl compleRuP. The introduction of a phosphine
ligand at the positiotransto the labile ligan@llow RuP to promote electrocatalytic GO
reduction toCO (TOF = 4.7 $) at low-overpotential ¢ = 0.4 V). Detailedmechanistic

i nvestigat i on scharatereofadprosphitdigamdd etshtea bli | i zes t h
N( Me CN) b o batkdonatingicharactef ofthe phosphindigand participates in
stabil i zi ngbohdofeCQORdductCAS &€résulRuP can bind CQat the one

electron reduced state and catalyze, @&luction witha low-overpotential, which is
superior toconventional Ru polypyridyl complexes that bind £& its two-electron
reduced state.

Chapter 2nvestigateshe photocatalytic C&reduction activitypy RuP. Results
from photolysis experimestcorroboratedhat RuP can catalyzeCO, reduction under
visible-light irradiationwithout additionaphotosensitizeiTo our knowledgeRRuP is the
first example of nofsensitized mononuclear Ru photocatalyst fop @@duction. The key
to success is the Ru polypyridyl scaffold that allows visligllet harvesting, ability to
bind CQ at the oneelectron rduced stateand asubstitutionlabile sitefor CO» binding.
The selectivity of the product can be tuned depending on the acidity of the reaction media.
Under slightly acidic condition, 84 % ofCO (TOF = 14.5 ht) was selectively produced,
while >99 % of HCOOH(TOF = 3.5 h 1) was selectively formed under slightly basic
environment.

Chapter 3describesthe syntheses, characterizatioredox behavior,and
photochemical CO; reduction activity of Ni complexes containing redoxactive
pentadentate N3igands. Under inert atmosphere, these Ni complexes extod
reversible redox waves wi imhhatims attri@uteddtothe vs. f
Ni-basedard ligand-based reductiornder CQ, current enhancement wabservedn
the presence of proton sour@wus, these Ni complexes gmomisingfor carry outCO,
reduction reactionPreliminary results showed that #geNi complexegan promote
photocatalytic C®@ reduction to produce @ under visiblelight irradiation with tle
assistanceof Ru photosensitizerFuture work is underway to optimize the reaction
conditiors and shed light into the mechanistic study.
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Chapter 1

Low-overpotential CO. reduction by phosphinesubstituted
Ru(ll) polypyridyl complex

Chem. Commur2018,54, 69156918.
Introduction

Catalytic CQ reduction into liquid fuels and commodity chemicals under
benign condition has drawn tremendous attention, not only as a means to decrease
the competition for limited fossil fuel reserves but also help to reduce the
concentration of atmospheric @&® There are aontinuously increasing number
of molecular catalysts to convert €dto fuels, such as HCOO¥f! and deeply
reduced product§?® In addition, the reduction of GOto carbon monoxide
(CO)Y**+1? js also favourable because a wide varietyfuels and commodity
chemicals can be produced from CO via Fi
development of a catalyst that can conver @CO is an attractive research
target and there have been numerous reports on transition metal contpd¢xeas t
catalyse the reactidt?"!

Ru polypyridyl complexes with a monodentate ligand are known to exhibit
promising CQ reduction activity by taking advantage of multiple accessible redox
stated!>1621 |n these systems, polypyridine ligands playessential role as an
electron reservoir in addition to Ru ions as a  @@eraction sitd?? A
representative example of such catalysts is a Ru polypyridyl complex,
[RU'(tpy)(bpy)(MeCN)F* (RuN, where tpy= 2, 2-tNp 6Ny Rinjd i ne ; bpy
bipyridine, Fig. 1, left)?l This complex undergoes ligadaased multielectron
reduction reaction to give [Rtpy )(bpy )(MeCN)]°, and forms a C®adduct,
[RU"(tpy)(bpy)(CQ?2 )]° via a ligand exchange reaction, which results in the
catalytic conversion of CEO'°2¥22lHowever, the potentials required to access their
active, twaelectron reduced species causes the increase in overpdientiaigh
energy is required to drive the catalytic reactiom) this connection, ligand
modification of Ru polypyridytomplexes has extensively been studied to control
over their redox properties and catalytic activity for @€duction21-2°
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Phosphine ligands are an attractive class of moldétiéecause these
ligands can control the electronic structures of the metal centres of their complexes
due t-oonhei éagceptng abilities of the phosphine donor. DuBatis
al., investigated the catalytic activity of a series &d complexes,
[PA(PXP)MeCN)](BFa4)2 (PXP = tridentate ligands; P and X denote coordinating
atoms, where X = C, N, O, S, P, and As), and found that the introduction of a
phosphine donor at theansposition to a labile ligand is the key to obtain an active
catalyst for CQ reduction®>37! Thus, the introduction of phosphine donor(s) to
Ru-based polypyridyl complexes can be a powerful strategy to control their CO
reduction activity. However, there is no study on>G€duction by Rtbased
complexes containing a phosphisigstituted polypyridine ligandn this chapter,
| report electrochemical GQ@eduction by a Ru complex with a mixed phosphine
pyridine ligand trans(P,MeCNYRU'" (tpy)(pgn)(MeCN)§* (RuP, where pgn = 8
(diphenylphosphanyl)quinoliné-3° Fig. 1, right).Presented here are the catalytic
activity of RuP, the electronic structures of catalytic intermediates, and a plausible
catalytic mechanism. | also discussed the effect of the phosphine donor on the
catalytic reaction in comparison with the relevant pghgyl complexRuN.

— — (PFe)2 — — (PFeg)2
| u
7 N\ - 7 N\ -
=N, | \\\N Z =N \\\N 7
_ R _ R
\ /N’RIU‘N/ N |u\N/|
N A | P.
L 9,
RuN RuP

Figure 1: Chemical structures BUN andRuP.
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Results and discussions
Electrochemistry under Ar

RuP was synthesized and characterized following the procedure reported
by our groug?®4 In a cyclic voltammogram (CV) under an Ar atmosph&uep
displayed one reversible oxidation wave in the positive potential region, attributed
to a Ru(lll)/Ru(ll) redox couple at +0.95 V vs. ferrocene/ferrocenium (Fc/Fc
Figure 2a, black line). In the gative potential region, one reversible redox wave

was observed, and the halhve potential E1/2) of the wave was 11.
2b, black line). As reported previoustyl the wave consists of two reversible ene
electron processes with similar redotgntials EA6= 1 1. 6 EALZ and 78

V, estimated from a simulation of CV (Figure 3 & Table The details of CV
simulation is shown in the experimental section.

To assign the origin of the first reduction process, | calculated the
molecular orbités of RuP by density functional theory (DFT) calculations (see the
experimental section). The LUMO&uPi s | ocal i zed at the ~*
moiety, suggesting that the first reduction wave At69 V originates from a
tpy/tpy redox couple (Figure 4). This observation is consistent with the
electrochemical properties of the relevant Ru polypyridyl compl8XeEhe peak
currents i) corresponding to the redox coupl e
relationships with the sawe root of the scan rate*f) and follow the Randles
Sevcik equation (Figure 5 & 6 & Table 2). This result indicates & can
facilitate rapid electron transfer reactions, as frequently observed for Ru
polypyridyl complexe$21-2¢l
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Figure 2:CVs of RuP (0.5 mM) in 0.1 M TEAP/MeCN under Ar (black line), (.28
M, red line), and C®@in the presence of 2.65 M28 (blue line). Working electrode,
glassy carbon; counter electrode, Pt wire; reference electrode, Agtan rate, 0.1 V&
Potential sweeps were started from the open circuit potentaR{ V) for all
measurements.
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Current/ pA

o 0.10V/s, Sim.

22 20 18 -16 -14 -1.2
E/V vs. Fc/Fc*
Figure 3: A CV ofRuP in acetonitrile (black line, [complex] = 0.5 mM; 0.1 M TEAP;
WE: GC, CE: Pt wire, RE: Ag/Ag scarnrate, 0.10 V/s) under Ar, and the simulated CV

(red circle). Elchsoft Didtlch 7.FD software was used for simulation of CV to obtain
redox potentials dRuP as reported previousl§?!

Table 1 Simulation parameters for the CV. Elchsoft DigiElch 7ddtvgare was used for
simulation.

RuP
Sweep rateVf (V/s) 0.10
ResistanceR] ( q) 200
CapacitanceGdl] (F) 7.0 x 10°
TemperatureT] (K) 293
Surface aread] (cm?) 0.07
Diffusion constantIP] (cm?/s) 1.0x 10°
Concentrationd] (mol/dnr) 5.0 x 10*
E °'1 (V) 711.69
ks1(cm/s) 0.05
Gy 0.50
E ° (V) 11.78
ks2 (cm/s) 0.05
G 0.50

E °'1 andE °'; are referred to Fc/Fc
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LUMO+1
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>
LUMO

RuP

?
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@

e 9
aﬁ‘?“

RuP-

Figure 4:Isodensity surface plots of selected frontier molecular orbitdsiBfandRuP'
based on the optimized grousthte geometry. The geometric optimization and electronic
structures forRuP and RuP- were calculated at the B3LYP/LanL2DZ level and
UB3LYP/LanL2DZ level, respectively with the Gaussian 09 program package.
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Figure 5: Experimental (black lines) and simulated CVs (red circldg)iBf(0.5 mM) in

0.1 M TEAP/MeCN under Ar at various scan rates, (a) = 0.25 V/s, (b) = 0.50 V/s, (c) =
0.75 VIs, (d) = 1.00 V/s. Working electrode, glassy carbon; coeteetrode, Pt wire;
reference electrode, Ag/Ag

(a) 30 (b) 30
. R?=0.9883 0 R? = 0.9924
E E
~10 - ~10 -
0 . . 0 . .
0 05 1 15 0 05 1 15
Vi vz

Figure 6: Variation of peak currerip) of RuP (0.5mM) at the (a) first redox wave and
(b) second redox wave versus square root of scan raté, Véees were obtained from
simulated CVs.

Table 2: Summary of the data used forighes. v’2 plot.
First redox wave  Second redox wave

v(Vis) V2 ip( € A) ip( € A)
0.10 0.316 7.00 7.41
0.25 0.500 11.13 10.95
0.50 0.707 15.06 14.60
0.75 0.866 17.89 18.05
1.00 1.00 20.13 20.90
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Electrochemical CO2 reduction

To examine the catalytic GQeduction activity ofRuP, CVs of RuP were
measured under CGQusing anhydrous acetonitrile as the solveRuP exhibited

irreversible reduction waves &= 1 1. 67 and 11.76 V (Figure
reduction occurred at a more positive potential than those under Ar (Figure 7). | also
performed controllegp ot ent i al electrolysis (CPE) at

amount of CO (faradaic efficiencyly < 1.0 %) was detected.

Similar measurements were subsequently performed using acetonitrile
containing 2.65 M KO as a weak Brgnsted acid as the solvent. In this condition, current
enhancementwas observedriga= 1 1. 73 V ( Fi gutheintehdityof bl ue |
the current was dependent on the concentrations efab® HO (Figure 8). In CPE
conducted at 1T1.70 V, approxi mately 1.75 C
(Figure 9 & Table 3, Entry 1), and the formation of CO (5.1 pmol,5598%), HCOOH
(0.6 umol, FE: 6.6%), and a negligible amount of (.04 umol, FE: 0.5%) was
confirmed. These results clearly indicate tRatP can promote electrochemical €0
reduction in the presence of®l.

| also calculated the overpotential RtP for CO; reduction to be 0.4 V based
on the potential at half of the catalytic curreBta(z= T 1 . &% Thé value is
substantially lower than those of the relevant polypyridyl complexes inclugluiy
(Table 4)?122 The turnover frequency (TOF) and the turnover number (TON) for CO
production were determined to 8¢ s and 1.7 x 16 respectively (see the experimental
section).

Details of the reactions &@uP under CQ were investigated under anhydrous
conditions, where the catalytic reaction does not proceede( supra. When the
concentration of C®was increased, the first reduction peak gradually became
irreversible, and the position of cathodic peak shifted to more positive potentials (Figure
7). This resultindicates that C®and the onelectron reduced state &uP (RuP')
interact. The position of the first reduction peak remained unchanged in the Bag¢ of

(Figure 10), which is known to show no interactions with @0Ots oneelectron reduced
statel?!!
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Figure 7:CVs of RuP (0.5 mM) in anhydrous0.1 M TEAP/MeCN under various
concentrations of CO(CO./Ar, viv%). Working electrode, glassy carbon; counter
electrode, Pt wire; reference electrode, AglAsgan rate, 0.1 V/s.

Figure 8: &) CVs ofRuP (0.5 mM) in0.1 M TEAP/MeCN under various concentrations
of CO, (CO/Ar, VIV%) in the presence of 8 (2.65 M). ) CVs of RuP (0.5 mM) in
0.1 M TEAP/MeCN at various concentrations ofCHunder CQ (0.28 M). Working

electrode, glasy carbon; counter electrode, Pt wire; reference electrode, Agé&an
rate, 0.1 V/s.
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