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Abstract

The excessive production of CO; is a major environmental issue. The removal
of CO; by reducing it to energetically rich raw materials is one way to recycle the
carbon source. In the past two decades, much attention. has been paid to the
eletrocatalytic reduction of CO,. In order to develope an efficient system to recycle

CO;, an in-depth understanding of the mechanism of CQO; reduction is necessary.

In this study, we have synthesized and characterized two new ruthenium
carbonyl complexes, namely [Ru(bdmpp)(bpy)COJ** [1] and [Ru(tpm)(bpy)CO** [2]
(bdmpp = 2,6’-bis(3,5-dimethylpyrazol)pyridine; tpm = tris(1-pyrazoyl)methane; bpy =
2,2’-bipyridine) that are electrocatalysts for CO; reduction. The mechanism for CO;
reduction was investigated by cyclic voltammetry, constant potential electrolysis and in-
situ FTIR spectroelectrochemistry. It was found that addition of protic sources
significantly enhanced the rate of CO; reduction. In the presence of H,O as proton
source, CO was produced exclusively with current efficiency close to 98%. In the
presence of protonated amine salts such as Et;NH'CI', selective production of formate
could be achieved with a current efficiency as high as 90%. Mechanistic studies by in-
situ FTIR spectroelectrochemistry suggested that CO was afforded via a Ru-COOH
intermediate in the presence of H,O as proton source. CO was produced by protonation
of the coordinated CO, by H,0O followed by the cleavage of one C-O bond and
subsequent release of CO from the metal center. On the contrary, a Ru-H species was
detected in the IR spectrum prior to the formation of the metalloformate species in the
presence of Et;NH'CI', which supported that the ruthenium formato species was formed

via the insertion of CO; into a Ru-H moiety.



The effect of weak Bronsted acid on the electrocatalytic reduction of CO; by
[Fe(dophen)(N-Melm),]" [3] was also studied. Addition of weak Brénsted acids such
as trifluoroethanol or methanol can enhance the rate of catalysis to yield a mixture of
carbon monoxide, formate and oxalate. Monitoring the reduction process by in-situ
FTIR showed the existence of both an iron carbonyl and an iron formato species. While
CO and HCOO™ were suggested to be produced by similar mechanisms as the ruthenium
catalysts, the homolytic cleavage of the Fe-C bond of Fe-COQ" will lead to the
formation of CO," which will subsequently dimerize to yield oxalate. This is probably
because the carbenoid character of Fe-COO™ is weaker than that of Ru-COQO" which

leads to the release of CO»" in an early stage of the catalytic process.
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Structure of Ligands and Abbreviations
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Chapter 1

Introduction



1.1 Background

Carbon dioxide is the ultimate by-product of all the processes involving
oxidization of carbon compounds; the content of CO; in the atmosphere has been
increased since Industrial Revolution. Until the beginning of this decade, the total
amount of CO, human have added to the atmosphere was approximately 7x10° ton
carbon [1]. Although green plants can remove a certain amount of carbon dioxide by
converting it into energy-rich molecules via photosynthesis, heavy deforestation and
interference by mankind greatly upset the equilibrium. The build-up of carbon dioxide
causes the development of the “Green House™ effect which leads to global warming
with unpredictable but potentially catastrophic consequences. It has been speculated
that global warming causes the melting of floating arctic ice and rise in the sea level.
According to a forecast by climatologists, by the end of the century, the globally
average temperature will increase by 1.5°C to 4.5°C for a doubling of CO;
concentration [2]. In order to minimize the impact to the ecosystem, a change in energy
policy to cut back the human-induced emission of CO; is essential. One effective way
1s to recycle the poor energy CO; into useful fuel and chemicals. This is an attractive
solution because of the vast supply of CO,, its low cost and its use as a possible source

for C, feedstock [3].

However, to recycle CO; is not a simple task because it is a very inert and
thermodynamically stable molecule (the free energy of formation of CO;, AG=-394
kJ/mol [4], is so negative that a very high-energy reductant is required for its reduction).
Besides, the high-energy gap between the HOMO and LUMO of the CO,; molecule

induces a large kinetic barrier [4, 5]. The E°’ value for the CO,/CO;* redox couple was



estimated to be beyond —-2.21 V vs. saturated calomel electrode (SCE) [5-7]. Hence, the
development of low-overpotential methods for activating CO, would have profound
consequences on the economics of C; chemical industry. Although there are many
successful applications of CO, based on its special physical properties, e.g. its use as
protective gas in steel industry, a refrigerant in the form of “dry ice”, a fire
extinguishing agent and a propellant gas, only a few of these applications actually use
CO; as raw materials. The representative examples include the production of urea,
salicylic acid and terephthalic acid [3, 8]. Recent research on carbon dioxide reactions
has been extended to various fields of chemistry and a number of potentially useful
reactions of carbon dioxide have been studied: electrochemical [4-7, 9-111],
photochemical activation of carbon dioxide [2, 112-132] and biomimetic fixation of
carbon dioxide [3]. Among various approaches, the electrochemical method is a
promising approach. When coupled with a photoelectrochemical device, it is possible
to use the energy from sunlight for CO; fixation. In principle, useful products like
methane and methanol can be afforded through multi-electron reduction of carbon
dioxide with redox potential becoming less and less negative, i.e. thermodynamically
more favorable. The thermodynamic reduction of CO, to various products in a pH 7.0

aqueous buffer solution is given as follows (egs. 1-5) [133]:

CO, +2H" +2¢ - CO+H,0 -0.52V (1)
CO, +2H" +2¢ -  HCOOH -0.61V (2)
CO; +4H" +4¢” —  HCOH +H,;0 -0.48V (3)
CO; + 6H +6¢" —  CH;0H + H,0O -0.38V (4)
CO, + 8H" +8¢ -  CH;+H,0 024V (5)



Investigations on the direct electrochemical reduction of carbon dioxide have
been carried out for many years. In the early stage, studies were focused on the
electrocatalytic reduction of CQO, at semi-conductor and metal electrodes in both
aqueous and non-aqueous media {1, 10, 27, 28, 33-35, 52, 59, 65, 78-85, 107, 126].
Hor et al. [80, 107] have reported the formation of CH;OH, CO and HCOOH in the
electrochemical reduction of CO; by various metal electrodes (Cd, Sn, Pb, In, Zn, Ag,
Cu, Ni and Fe). Among them, Au and Ag electrodes gave CO as the main product.
Jermann et al. [86] also reported the changes in product distribution (CH,, C,Hy,
C;H;sOH) as a function of electrolysis time for the cathodic reduction of CO, at a Cu
electrode. Anodic activation of the copper electrode also resulted in a change in the
product distribution favoring the formation of ethylene. Hori and Takahashi have
performed experiments on the reduction of CO, using a Cu electrode in an aqueous
medium [10]. Their results indicated that CO, was electrochemically reduced to CHa,
C2H; and alcohol in KHCO; solution with high curr:nt densities. Apart from Cu
electrodes, other electrode materials can also give rise to hydrocarbon production.
Azuma et al. reported that Pd electrodes could be used for the reduction of CO; to
hydrocarbons in an aqueous solution. However, they exhibit lower current efficiencies
and higher overvoltages. Interestingly, Frese and Leach [87] reported the formation of
CHy, CO and CH30H at Ru electrodes. Moreover, molybdenum {88] was shown to be a
useful cathodic material for generating methanol from CO; after the electrodes had been

pretreated by cycling in a CO,-saturated solution.

Since the solubility of CO; in aqueous solutions is low and in order to increase
the concentration of CO,, high pressure or low temperature conditions have been

employed for the reduction process. Ito et al. [81] studied the electrochemical reduction



of CO; at 20 atm using In, Pb, Sn and Pb-Hg electrodes. All electrodes gave formate
together with a small amount of carboxylic acids. Kaneco et al. [59] also investigated
the electrochemical reduction of CQO,; in tetracthylammonium perchlorate/methanol
electrolyte at -30°C. Carbon monoxide, methane, ethylene and formic acid were the
major products. In addition, Kaneco et al. have studied the electrochemical reduction of
CO; in 0.1 M KOH-methanol electrolyte with a Ag electrode [82] at low temperature
and CsOH-methanoi electrolyte with a Cu electrode [83]. The main products of the
former case were carbon monoxide and formic acid while methane, ethylene, carbon
monoxide and formic acid were afforded in the latter case. Semiconductors are of
special interest in the electrochemical reduction of carbon dioxide because of the
opportunity in fabricating photoelectrochemical devices based on these materials [1, 78,
79, 126]. Pi-Si, p-Cd Te, p-Ip P, p-Ga As have all been used [1, 126]. The current
efficiency of CO could be achieved up to 90% while H, production was suppressed to a

low level.

In general, the electrochemical reduction of CO, on metallic electrodes require a
relatively negative potential (typically beyond -2.2 V vs. SCE). Moreover, the
distribution of products critically depends on reaction conditions such as electrode
matenals, solvent systems and operational parameters including current density and
CO; concentration [1]. In order to reduce the energy consumption and optimize the
product selectivity, the use of molecular electrocatalysts in conjunction with cathode
mediated electroreduction is an appealing approach. Besides, subtle variation in the
structure of the molecular catalyst and fine tuning of the transition metal center

environment can be achieved through synthetic techniques. Hence, much effort has



been devoted to search for an effective molecular system for the reduction and fixation

of CO,.



1.2 Electrochemical Reduction of Carbon Dioxide Catalyzed by
Transition Metal Complexes |

It is known that CO, can bind to a transition metal center or insert into a metal
ligand bond. The major binding modes of CO; on a metal center include “end on”
through the oxygen atom (n'-O-C-0) or via the central C atom (n'-CO,) and “side on”
to a C-O bond (>-CO,) [134]). Insertion of CO; to a metal-ligand bond (where the
ligand can have H, C, N or O ligating atom) has been extensively studied {23, 60]. For
instance, insertion of CQO; into a M-H bond to give a metalloformate complex of the
form M-OC(O)H is kinetically favoured over the formation of a metal carboxylate

species {23, 60].

A large variety of transition metal complexes have been shown to catalyze CO;
reduction. The following is a brief review of the major classes of transition metal

complexes that have been reported to be electrocatalysts for CO; reduction.

1.2.1 Porphyrins and Phthalocyanines

In 1974, Meshitsuka et al. [70] first reported that cobalt or nickel phthalocyanine
deposited on electrode surface can catalyse the electrochemical reduction of CO; to
oxalic and glycolic acid, although there is considerable controversy over the nature of
products being reported by two independent groups [71, 72]. Extensive investigations
on electrode materials [73] including mechanistic studies [74, 75] have been carried out.

In 1977, Hiratsuka et al. [76] reported the use of water-soluble tetrasulfonated Co and



N1 phthalocyanines as catalysts for CO, reduction. Later, the investigation was

extended to water-soluble porphyrins in aqueous and non-aqueous media [77].

Savéant et al. [66, 68, 89, 135] reported that iron porphyrins catalyzed the
electrochemical reduction of CO,; to CO. The catalytic activity of Fe(0)
tetraphenylporphyrin was dramatically increased upon the addition of Lewis acid such
as Mg?* or Bronsted acids like CF;CH,OH [66, 68, 89] while the degradation rate of the
catalysts was suppressed. Gisselbrecht et al. [136] also investigated the electrochemical
behavior of iron porphycenes (a class of porphyrin analogue) in various aprotic

solvents. The iron porphycenes also displayed catalytic activity towards CO; reduction.

Besides iron porphyrins, Tezuka et al. [92] also investigated the electrocatalytic
reduction of CO; with cobalt tetraphenylporphyrin in DMF. Based on kinetic studies,
the rate constant for electron transfer from catalyst to CO; was defermined and the
activation energy of the reaction was also estimated. Furthermore, Atoguchi et al. [93]
reported that cobalt tetraphenylporphyrin adsorbed on glassy carbon electrode in the
presence of pyridine is an active catalyst for the electroreduction of CO;. Recently,
Behar et al. [11] reported the catalytic formation of CO and HCOO in the
photochemical reduction of CO; catalyzed by cobalt porphyrins in acetonitrile solutions

containing triethylamine as a reductive quencher.



1.2.2 Tetraazamacrocyclic complexes

Fisher and Eisenberg [90] were the first to demonstrate the catalytic activity of
various Ni{I) tetraazamacrocyclic complexes in the electrochemical reduction of CO; in
aqueous medium or acetonitrile/water mixture. CO and H; were the major reduction
products. The tetraazamacrocyclic complexes are stable over a long period of
glectro]ysis with minimal loss of catalytic activity in the presence of a protic source.
Tinnemans et al. [91] also reported a number of cobalt and nickel tetraazamacrocyclic
complexes of cobalt and nickel that are active electrocatalysts for CO, reduction.
Schbioh et al. [109] have studied the electrochemical reduction of CO; catalyzed by
[NiL]** (L= 1,3,6,9,11,14-hexaazacychexadecane) which produced CO, H, and
HCOOH. Blinn et al. [9] demonstrated that electrolysis of [Ni(Me;,[12]aneN,)(H,0)]**
in the presence of carbon dioxide and various electrolytes resulted in the quantitative
formation of formic acid. High yield of formic acid was obtained using a mercury pool

electrode in 0.1 M NaClQy, whereas lower yield was obtained in 0.1 M NaCl solution.

1,4,8,11-tetraazacyclotetradecane, usually known as cyclam, is one of the most
popular macrocyclic ligands in coordination chemistry. It forms highly stable
complexes with a large variety of transition metals [137, 138]. Sauvage et al. [94-96]
reported that nickel cyclam and dimetallic [Niy(biscyclam)]*" complexes are efficient
and selective catalysts for electroreduction of CO; to CO at Hg electrode even in
aqueous medium. Mochizukt et al. [112] also reported that the bimarcocyclic complex
[6,6'-bi(5,7-dimethyi-1,4,8,11-tetraazacyclotetradecane)] dinickel (II) acts as a more

efficient catalyst to generate CO than the monomacrocyclic complex.



Recently, Bujno et al. [63] réported that systemic increase of N-methyl
substitutions in [Ni(cyclam)]** would suppress its catalytic activity towards CO
reduction. Anson et al. [101] proposed that the origin of the decrease in catalytic
activity of nickel cyclam was due to the presence of an insoluble Ni(cyclam)(CO)
complex. While CO is the product of CO; reduction, the formation of Ni(cyclam)(CO})
limits the long-term effectiveness of the nickel cyclam catalyst. The size of the cyclam
ligand and the presence of secondary amine group are important in tuning the activity of
the catalyst: the former imparts high kinetic and thermodynamic stability to the nickel
cyclam complex, whereas the latter favors CO; binding by hydrogen bonding in

addition to the carbon-to-Ni(I) bond.

1.2.3 Metal clusters

Hidai et al. [100] reported that tetranuclear iron-sulfur clusters of the type
[Fe454(SR)4]2’ (R = CH;Cg¢Hs, CsHs) can function as electrocatalysts of CO; reduction
in DMF with formate as the major product. Tanaka et al. also [97, 98] investigated the
electrochemical reduction of CQO; with metal clusters like [{Rh(C5Mes)}3(p3—S)2]2+,
[ {Ir(CsMes)}3(u3-S)]*" and [{CoCsHsMe)}s(u3-S)2)*". The rthodium cluster reduced
CO, to formate and oxalate whereas the iridium and cobalt clusters produced oxalate
exclusively. A coupling reaction of two CO; molecules bonded on adjacent p3-S and Ir
in the‘ iridium clusters was proposed for the generation of C,04* without accompanying
CO evolution [58]. In addition, Kubiak et al. [99] reported that the trinuclear nickel
complex [INIi;(u—CN]\/Ie)(p;-I)(dppm);]+ is an electrocatalyst of CO: reduction. The

reduction products corresponded to the reductive disproportionation of CO, to CO and

10



CO;*. Mann et al. [51] have studied the eletrocatalytic reduction of CO; by
[Irg(dimen)4]2' (dimen = 1,8-diisocyanomenthane). Bicarbonate and formate were

identified as the reduction products by infrared spectroelectrochemistry.

1.2.4 Phosphine complexés

Wagenknecht and Slater [104] reported the electrocatalytic reduction of CO; by
Rh(diphos);Cl (diphos = 1,2-bis(diphenylphosphine)ethane) in anhydrous CH;CN.
Formate was obtained with a current efficiency of 22-42% depending o.n electrolysis
time. Since a small amount of cyanoacetate (CN-CH;-COQ) was detected, CH;CN is
suspected to be the proton source for formate formation. Dubois et al. [102, 103] have
investigated a series of palladium complexes of the type [Pd(tﬁphOS)L]2+ (triphos = bis
(2-diphenylphosphinoethyl)phenylphosphine); L = CH;CN, PEt, P(OMe)s,
P(OCH,0H);) as catalysts for the electrochemical reduction of CO, to CO in acidic
acetonitrile solution. Mecﬁanistic studies indicated .that the rate-determining step in the
catalytic cycle at high acid concentration is the reaction of Pd(I) complex with CO,.
The catalysts were deactivated by the formation of Pd(I) dimers but the deactivation
could be reversed by electrochemical oxidation. The same group also [64] reported that
[Pd(Me,P etpE)(CH;CN)]*" (Me;P etpE = [(Me,PCH,CH,)P(CH,CH,PEt,),]") is an
active catalyst for the electrochemical reduction of CO; to CO in acidic
dimethylformamide solution. Recently, Ogura et al. [105] reported that [M(PPh;);L]X
(M = Pd, Co; L = 2-methyl-8-hydroxyquinoline, 2-quinoxalinol, 1-hydroxyisoquinoline,
3-hydroxyisoquinoline, 4,4'-dimethyl-2,2'-bipyridine or 4-methyl-1,10-phenanthroline;

X = Cl, Br or Cl0,) work as catalysts for CO; reduction in anhydrous acetonitrile at an

11



applied potential of -1.3 V vs. Ag/Ag’ to give CO with high current efficiency. In

acetonitrile-water mixture, the reduction products were HCOOH and H; to addition to

CO.

The binuclear copper complex, [Cua(u-PPhabipy),(MeCN),][PFsl> (PPhybipy =
6-(diphenylphosphino)-2,2’-bipyridine) and its pyridine analogue [Cu(p-
Pthbipy)z(py)z][PFﬁ]z (py = pyridine) have been shown to be electrocatalysts for the
reduction of CO; [56]. Based on kinetic and spectroscopic results, a mechanism
involving substitution of a solvent molecule by a CO; molecule followed by two
sequential heterogeneous electron transfers was proposed. The rate-determining step is
the reaction between the ddubly—reduced dimer and CO, which is first order in both
dimer and CO;,. Christensen et al. [54] have shown that CO; is selectively reduced to
oxalate at potentials < -1.1 V vs. SCE at a [Ni(dppm),Cl;]}/polyvinylalcohol (dppm =
Ph,PCH,PPh;) modified Pt electrode in acetonitrile. The consumption rate of CO; was
maximum at —1.8 V; about 70-90% of the CO; was converted to oxalate. When
[Ni(dppm),Cl;] was employed as a homogeneous catalyst in acetonitrile, only CO was

produced.



1.2.5 Polypyridyl complexes

Polypyridyl complexes are of much interest among the catalysts being discussed.
Ligands like 2,2"-bipyridine (bpy) or 1,10-phenanothroline (phen) can stabilize
transition metal in a large number of oxidization states and they serve as an "electron
reservoirs” by utilizing vacant n* orbitals to store electrons. A large number of these

metal complexes have been reported to be active in the electrocatalytic reduction of

COs.

Hawecker et al. first reported that [Re(bpy)(CO)Cl] ié a catalyst for the
photochemical reduction of CO; to CO [111]. Subsequently, it was shown that the
same complex can catalyze the selective electroreducﬁon of CO, to CO in DMF-water
mixture (9:1 v/v) [49]. Under suitable conditions, high faradaic yields (98%) with large
catalytic turnovers could be acnieved. Meyer et al. [29] studied the mechanism of CO;
reduction by [Re(bpy)(CO);Cl] in acetonifrile. Electrolysis at —1.55 V vs. SCE
produced both CO and COy” whereas electrolysis at —1.8 V would lead to the formation
of CO only. Two different electrocatalytic pathways are proposed: initial one-electron
reduction of the catalyst at ca. 1.5 V followed by the reduction of COz to give CO and
CO,%, or an initial two-electron reduction of the catalyst at ca. 1.8 V to give CO only.
Complexes of the type [Re(bpy)(CO); X ] (X = H, HCO;" or OCO;") have been isolated
and characterized. Recently, Hori et al. [129] have investigated the photochemical
reduction of CO» using [fac-Re(bpy)(CO):(4-Xbpy)] (X = t-butyl, methyl, H, CH;CO,
CN) in a triethanolamine (TEOA) - DMF solution. The system was able to produce CO

catalytically.

13



Several groups have fabricated chemically modified electrodes for CO,
reduction based on derivatives of [Re(bpy)(CO);Cl]. Meyer et al. [108] used a vinyl
derivative of the thenium complex [Re(vbpy)(CO);Cl] (vbpy = 4-vinyl-4"-methyl-2,2'-
bipyridine) to form a rhenium polymeric film on Pt electrode surface. The modified
electrode was able to catalyze the electrochemical reduction of CQ; to CO. Deronzier
et al. [41, 44] also investigated the polymeric film produced by electropolymerization of
[fac-Re'(LY(CO);Cl] (L = pyrrole containing 2,2-bipyridine ligand). The stability of the
catalyst was greatly enhanced in the polymeric film compared with that in homogeneous
solution. Recently, Parimal et al. [12] studied the electrochemical reduction of CO,
catalyzed by [Rh(tptz)CL:].2H,0, [Rh(tptz);][C104]2.2H,0 and [Rh(tpy)Cl;] (tptz =
2,4,6-tr1s(2-pyridyl)-1,3,5-triazine). Formic acid was obtained as the major product in

the electrolysis in DMF containing 2.5% water saturated with CO,.

Polypyridyl complexes of ruthenium have been used as catalysts in ‘e
photochemical [113-118] and electrochemical reduction [5, 6, 17-25, 38-40, 47, 48, 69]
of CO;. Collomb-Dunand-Sauthier et al. [38-40, 47, 48] demonstrated that the
mono(bipyridyl) complex trans-(CD)-[Ru"(bpy}(CO);Cl,] is a selective and efficient
catalyst in solution. The electrocatalytic activity is due to the formation of a polymeric
{ {Ruo(bpy)(CO)z}n] film on the electrode surface. The electrogenerated
[{Ru’(bpy)(CO)}a]™ is proposed to be the key species in the electrocatalytic reduction.
The bis(bipyridyl) complex cis-[Ru(bpy),(CO)2)** was found to exhibit similar catalytic
activities as the mono(bipyridyl) complexes [69]. Electroreduction of this complex in
CH;CN can also lead to the formation of a polymeric film [Ruo(bpj./)(CO)z]n on
electrode surface. In aqueous solution, films containing bipyridine ligand or 4,4’-

substituted bipyridine with electron donating groups gave CO as the main. With films

14



containing bipyridine with electron-withdrawing substituents like esters, HCOO™ was

obtained quantitatively [69].

Apart from the mono(bipyridyl) ruthenium complexes, Tanaka et al. [5, 22]
reported the reduction of CO, catalyzed by [Ru(bpy)g(CO)z]2+ at-1.5 Vvs. (SCE) in a
DMF-H,0 (1:9 v/v) solution buffered at pH 9.5. Formic acid and CO as well as H,
were formed in alkaline condition, whereas only CO and H; were evolved in acidic
ﬁxedium. A mechanism in which the reaction occurred via the formation of a stable
pentacoordinated Ru(0) complex [RU(bPY)z(CO)]O generated by two-electron reduction
of [Ru(bpy)CO)J** or [Ru(bpy(CO)CD]" was suggested. Besides mono bipyridine
complexes, Tanaka et al. [17] also investigated the electrocatalytic reduction of CO,
catalyzed by [RuLi(L2)(CO)2)*" (L1, Lo= (bipy)2, (bipy)(dmbipy), (dmbipy), or (phen),]
in acetonitrile which gave HCOOH and C,04* in the presence and absence of proton
source respectively. Moreover, study on the multi-step CO, reduction catalyzed by
[Ru(bpy)2(qu)COJ** (qu=quinoline) was carried out [21]. The work is the first example
of catalytic formation of CH3;C(O)CH; and CH3C(O)CH,COOQO" by double methylation
of the carbonyl moiety resulting from the reductive disproportionation of CO; followed
by subsequent carboxylation. [Ru(bpy)trpy)COJ*" is also known to be an effective
electrocatalyst for CO; reduction [20]. Electrolysis of this complex at —1.75 V vs.
Ag/Ag’ in CO,-saturated C,H;OH/H;O (8:2 v/v) mixture at -20°C leads to a variety of
products including HCOH, CH30H, HCOCOOH, HCOCH,COOH, CO and HCOOH.
Under aprétic conditions, CO and CO;” are produced due to an oxide transfer reaction
from the Ru-n'-CO, intermediate to CO,. Tanaka et al. proposed that the formyl
complex [Ru(bpy)(trpy)(CHO)]" is a possible intermediate in the multi-electron

reduction of CO; [19].
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Recently, Tanaka et al. [25] reported the electrocatalytic reduction of CO; by
[Ru(L,)(dmbbbpy)][PFs], and [L,Ru(dmbbbpy)RuL,}[PFs]s (L = bpy, dmbbbpy = 2,2’-
bis(1-methyl-benzimidazol-2-yl)-4,4’-bipyridine) in acetonitrile which gave HCOOH
and C,0;% in the presence and absence of H,O respectively. The two-electron
reduction of the mono- or di-nuclear ruthenium complexes caused dechelation of
dmbbbpy from the Ru center which may provide binding sites for 2 molecules of CO,
thus facilitating the coupling reaction of CO; to give oxalate. Moreover, they reported
the first selective production of acetone in the electrochemical reduction of CO,
catalyzed by [Ru(bpy)(napy)2(CO):][PFe]z [24] in the presence of (CH3);NBF,. It was
suggested that (CH;);N" works not only as an electrolyte, but also as a methylation

reagent for the catalytic generation of acetone.

Osmium, iridium and rhodium polypyridyl complexes have also been studied as
catalysts for CO; reduction in acetonitrile solution to give CO as the major product [16,
26, 46, 110}]. Addition of water resulted in the formation of formate with current
efficiency up to 22%. Brewer et al. [110] showed that [Rh(L);Brz]" and [Ir(L):Cl,]" (L
= 2,2-bipyrimidine  (bpm),  2,3-bis(2-pyridyl)pyrazine  (dpp), 2,3-bis(2-
pyridyl)quinoxaline (dpq) or 2,3-bis(2-pyridyl)benzoquinoxaline (dpb)) can catalyze the
electrochemical reduction of CO; to formate in acetonitrile. As these bridging ligands
are easier to reduce than bipyridine, the complexes prepared are easier to reduce and
exhibit electron transitions at lower energies. Meyer et al. [26] also investigated the cis-
[M(bpy)2Xa]" complexes (M = Rh" or ', X = Cl or trifluoromethanesulfonate) as
electrocatalysts for the reduction of CO;,. Electrolysis performed in acetonitnle at —1.55
V vs. SCE lead to the production of formate. The source of formate proton is

apparently the tetraalkylammonium salt. In addition, Deromizier et al. [57] showed that
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[n’-(MesCs)M(L)CI]* (L = 2,2’-bipyridine; M = Rh(Ill) and Ir(Ill)) can act as
electrocatalysts for CO; reduction. It appears that the Rh(III}) complex is a better
catalyst than the Ir(III) and current efficiency up to 50% for formate production could

be reached.

Most of the systems reported so far lead to either CO or HCOOH or a mixture of
both. Therefore, a better understanding of the reduction mechanism is essential in order
to determine the factors influencing the product selectivity and efficiency. Although the
mechanism for the formation of CO is generally believed to occur via a M-COOH
intermediate, the reaction mechanism for the formation of HCOQO™ still remains
controversial. All metal-OC(O)H [23, 50, 57, 60, 139-142], -C(O)OH [5, 143] and -
C(O)H [19] have been postulated as the reaction intermediates. Different approaches
have been used by researchers to identify the intermediates involved in the formation of
formatc. One of the approaches is to prepare model complexes whose properties might
enhance the understanding of steps in the catalytic cycles [19, 23, 144). Gibson et al.
[145] and Meyer et al. [23] suggested that formate can be afforded in the catalytic
reactions via CO, insertion into a M-H bond. Perutz et al. also showed that the n'-
formate hydride complex, cis-Ru(PMes)s-(n'-OCHO)H was afforded through bubbling
CO; to a solution of Ru(PMé3)4H2 and proposed that the formato complex was most

likely formed by the insertion of CO; into the Ru-H bond.
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1.3  In-situ FTIR spectroelectrochemistry

As mentioned before, most electrocatalysts for CO; reduction give a mixture of
carbon monoxide and formate as products. Many attempts, not all with concordant
results, have been made to elucidate the nature of the intermediate species involved in
the reduction process in order to have a better understanding of the mechanism. Most of
the mechanistic studies were restricted to bulk electrolysis, cyclic voltammetry and
. synthesis of model complexes. Moét recently, a qumber of research groups [4, 50, 54,
140, 146, 147] employed the in-situ FTIR spectroelectrochemical technique to
investigate the mechanism of CO; reduction. FTIR spectroelectrochemical technique is
particularly useful in these studies because many plausible intermediates in CO;

reduction such as M-(n'-OC0), M-(n*-0CO), M-(n'-C0O,) and M-CO species all

absorb strongly in the IR region.

In our study, the IR spectra collected are presented in the form of difference
spectra. A reference spectrum, S;, was first collected at a reference potential E; which
is usually in the electro-inactive region. The potential of the working electrode was
then stepped to a potential E; and a second spectrum S; was collected at successive time
intervals. A certain number of co-added and averaged scans were taken to give the

desired S/N ratio. The spectra were therefore presented as:
AR/R = (S,-§,)/S, versus v (cm™)

It follows that both positive and negative peaks can appear in the difference spectrum.
A positive peak, i.e.. TAR/R represents absorption from species that decrease in

concentration in the thin layer on stepping the potential from E; to E;. A negaltive peak,
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i.e. -AR/R represents a gain in the concentration of that particular species in the thin

layer.

1.3.1 Experimental set-up

In our study, the FTIR spectroelectrochemistry experiments were performed on
a Nicolet Avatar 360 FTIR Spectrometer in the reflectance mode equipped with a wide
band rhercﬂry cadmium tellueride (MCT) detector. The cell was a standard three-
electrode thin layer design [4, 148, 149] with a CaF; window, a platinum foil counter
electrode, a glassy carbon working electrode (0.d. = 6 mm) and an Ag/AgNO; (0.1 M)
reference electrode. The potential of the spectroelectrochemical cell was controlled by
a Princeton Applied Research l‘r;lodel 362 potentiostat. The FTIR spectrometer was
coupled with a Spectra-Tech Series 500 variable angle specular reflectance accessory
which allowed the spectral reﬂcctanée measurement to be carried out at incident angles
between 30°-80°; the optimum angle for maximum reflectance was determined before
each experiment and was usually around 55°. The distance between the working
electrode and the CaF; window can be adjusted to accommodate a thin layer of
electrolyte (ca. 1 mm thick) for spectroelectrochemical measurement. All the spectra
were collected at 8 cm™ resolution and consisted of 100 co-added and averaged scans.
The sample compartment of the FTIR spectrometer was purged by N, prior to the
measurement to ensure the removal of CO, and water vapor. The temperaﬁre of the
electrolyte was maintained at -0.5°C by circulating a coolant through the jacket wall of
thm‘e electrochemical cell when performing low-temperature in-sirt  FTIR

spectroelectrochemistry experiments.



1.3.2 Previous FTIR spectroelectrochemical studies on CO; reduction

Stor et al. [50, 146, 147] have performed a detailed study on the mechanism of
CO, reduction catalyzed by [Re(bpy)(CO):L]" (bpy = bipyridine; L = CH3CN, P(OEt);)
by in-situ FTIR spectroelectrochemistry. The results showed that the complex goes
through a either a le” or 2e¢ catalytic pathways involving [Ru(bpy)(CO);]° or
[Ru(bpyXCO);] as intefmediates depending on the electronic properties of the ligand L.
The main products of CO, reduction were CO, HCOO" and CO,*. Christensen et al.
[54, 140] also carried out the spectroelectrochemical investigations on the CO;
reduction mechanism catalyzed by nickel-4,4’-dimethyl-2,2’-bipyridine, nickel-1,10-
phenanthroline complexes and [Ni{(dppm):]Cl, complexes. Spectroscopic evidence for
the transient formation of [Ni(phen")(CO)z] and [Ni(Me;bipy" X(CO),] were reported.
They also investigated the reduction of CQ; catalyzed by rhenium tricarbonyl complex

[4]; fac-[Re{dmbipy*)(CO);Cl] was reported as one of the intermediates involved in the

reduction process.
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Figure 1.1 In-situ FTIR spectroelectrochemistry set-up
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1.4 Aims and Objectives

Most of the systems on CO; reduction studied so far usually lead to two-electron
reduction products such as CO, HCOO' or C,0,% or a mixture of them. A better
understanding on the mechanism and factors influencing the product selectivity and
efficiency is essential for the design of efficient systems for CO; reduction. It has been
shown that CO could be afforded exclusively in acidic medium by adding H,O as
proton source in the electroreduction of CO; catalyzed by [Ru(bpy)2(CO),]*" whereas
formic acid was produced when electrolysis was carried out in alkaline medium [5].
Tanaka et al. [22] also addressed that addition of protonated alkyl amine salts could
enhance the yield of formic acid in the ruthenium system. It has been reported that the
presence of weak Bronsted acids such as CF3;CH,0H and H;O in the iron porphyrin [66]

and [Re(bpy)(py)(CO)s]" [106] systems can promote the formation of CO.

Comprehensive work has been done to probe the mechanism in the formation of
CO in iron porphyrin and [Re(bpy)(py)(CO);]" systems by cyclic voltammetry [66, 106]
and in the [Re(bpy)(CO);Cl] system by in-situ FTIR spectrelectrochemistry [4]). It is
generally accepted that formation of CO occurred via a M-n'-CO; species. However,
not much study have been performed on the mechanism of HCOO™ formation. There
have been arguments concerning the precursors to HCOO', species such as M-OC(O)H
[23, 57, 60, 113, 141, 150], M-C(O)OH [34, 151], M-C(O)H [19] all have been
proposed as reaction intermediatés. Therefore, it is our aim to further investigate the
conditions influencing the product selectivity and the mechanisms of CO vs. HCOO"

formation.
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In this project, we have synthesized two new ruthenium carbonyl complexes —
[Ru(bdmpp)(bpy)CO][CIO4]; [1] and [Ru(tpm)(bpy)CO][CIOs)> [2] (bdmpp = 2,6-
bis(3,5’-dimethylpyrazoyl)pyridine, tpm = {tris-(1-pyrazyl)methane, bpy = 2,2’-
bipyridine) and investigated the catalytic CO, reduction process by cyclic voltammetry,
constant potential electrolysis and specially in-situ FTIR spectroelectrochemistry.
Experiments were carried out in the presence of different proton sources to study their
effect on product distribution. We have also investigated the electrochemical behavior
of an iron complex [Fe(dophen)(N-Melm),][ClO4] [3] (H:dophen = 2,9°-bis(2’-
hydroxyphenyl)-1,10’-phenanthroline, N-Melm = Il-methylimidazole} on the
electrocatalytic reduction of CO; in the presence of weak Brénsted acids such as
methano! and 2,2,2-trifluoroethanol. Monitoring of the CO; reduction process by in-
situ FTIR spectroelectrochemistry was carried out to identify the intermediates involved

in the reduction process. The results will be discussed in the subsequent chapters.
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Chapter 2
Synthesis, Characterization, X-ray Crystal Structure and
Electrochemical Behavior of Two Ruthenium Carbonyl

Complexes



2.1 Introduction

Among the various classes of transition metal complexes that have been utilized
as electrocatalysts, ruthenium and rhenium polypyridyl carbonyl complexes appear to
be particularly promising. In order to exploit the reaction chemistry in more details, we
have synthesized two new ruthenium carbonyl complexes with the tndentate ligands
2,6-bis(3,5-dimethyl-N-ﬁyrazole)pyridine (bdmpp) and tris-(pyrazoyl)methane (tpm)
which are analogues of 2,2°:6’,2”-terpyridine. We have conducted spectroscopic
characterizations, electrochemical studies and X-ray crystal structural determinations on

these carbonyl complexes. The results are presented in this chapter.
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2.2 Experimental Section

2.2.1 Materials

All the chemicals and solvents used in synthesis and recrystallization were of
analytical (A.R.) grade. RuCl;.xH,O and 2,2"-bipyridine were purchased from Aldnch.
All other chemicals and reagents were used as received unless otherwise noted.
Chloroform and N,N’-dimethylformamide were distilled over calcium chloride under

argon atmosphere before being used. Tetrahydrofuran was distilled over sodium under

argon atmosphere.

2.2.2 Synthesis of Ligands

Tris(pyrazoly-1-ly)methane (tpm)

Undef argon, a solution of pyrazole (10 g, 0.147 mol) in dry tetrahydrofuran was
stirred with potassium metal (5.8 g, 0.148 mol) at about 70°C for about 4 hours. When
all potassium metal had been dissolved, about 15 mi of dry chloroform was added. The
reéulting solution was refluxed for 30 h to give a brown viscous liquid. Silica gel (10 g)
was added into the resulting mixture and removal of solvent from the viscous solution
produced a brown powder. Unreacted pyrazole was removed by sublimation of the

brown powder at about 110°C under vacuum. The desired product was collected as a

white solid which sublimes at about 160°C under vacuum. (yield 44%)
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2,6-Bis(3,5-dimethyl-N-pyrazoyl)pyridine (bdmpp)

The ligand was synthesized by a literature procedure with slight modification
[152]. Under argon, the potassium sait of 3,5-dimethylpyrazole (7.8 g, 0.11 mol) was
added to a stirred suspension of NaH (2.6 g, 0.11 mol) n dry N,N'-dimethylformamide
(100 ml) at 60°C. After 2 hours, 2,6-bis(chlorornethyl)pyridine (9.3 g, 0.055 mol) was
added, the mixture was then stirred for 48 h. The solution was then evaporated to
dryness at reduced pressure and the residue was extracted with chloroform (3 x 25 ml).
The organic portions were combined and washed with water (2 x 25 ml) and dned with
anhydrous Na,SO, before filtration. Evaporation of chloroform under reduced pressure

yielded the product as a brown oily liquid (Yield > 75%).

2.2.3 Synthesis of Rufhenium Complexes

Ru(L)Cl; (L = bdmpp, tpm) [154]

RuCl;.xH,0 (0.2 g, 0.77 mmol) and L (0.77 mmol) and LiCl (0.5 g) were added
into ethanol (30 ml). The mixture was refluxed for 4 h. The brownish red precipitate

was filtered, washed with ether and dried in vacuo. The isolated yield was about 80%.
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[Ru(bdmpp)(bpy)CIIC1O4

To a solution of Ru(bdmpp)Cl; (0.5 g, 1.1 mmol) in ethanol (30 ml), solid bpy
(0.16 g, 1.1 mmol), 8-9 drops of triethylammine (as reducing agent) and LiCl (0.5 g)
were added. The mixture was then refluxed for 10 h. A saturated LiClO; solution was
added into the resulting mixturé. The product was obtained as a reddish orange
precipitate (0.57 g, yield ~ 80%). Anal. for [Ru(bdmpp)(bpy)CI]CIOs. Calcd: C, 45.42;
H, 3.79; N, 14.87 %. Found: C, 35.56; H, 4.53; N, 9.83 %. 'H NMR in CD;CN
[&/ppm]: 1.59 (6H, s, pyrazoyl Me), 2.99 (6H, s, pyrazoyl Me), 6.25 (2H, s, pyrazoyl
H), 7.09 (2H, dd, pyrazoyl H, J = 1.72), 7.53 (2H, dd, bipyridinyl H, J = 5.52), 7.77-
7.79 (2H, d, bipyridinyl H, J = 8.04), 8.15-8.35 (2H, m, bipyridinyl H, J = 8.12, 7.68),
8.58-8.60 (2H, d, bipyridinyl H, J = 7.92), 10.47-10.49 (1H, dd, pyrazoyl H, J = 5.6,
5.4). UV/VIS in CH;CN [Amm/nm(e/ mol'dm’em™)]: 466(10418), 291(5"4753),
266(41217), 236(31280). The 'H NMR and UV/VIS spectra are shown in Figure 2.1

and 2.5 respectively.

[Ru(tpm)(bpy)CIIC1O4

To a solution of Ru(tpm)Cl; (0.5 g, 1.2 mmol) in ethanol (30 ml), solid bpy (0.2
g, 1.2 mmol), 8-9 drops of triethylammine (as reducing agent), LiCl (0.5 g) were added.
The mixture was then refluxed for 10 h. A saturated LiCIO, solution was added into the
resulting mixture. The product was obtained as a reddish orange precipitate (0.58 g,
yield ~ 80 %). Anal. For [Ru(tpm)(bpy)C1]ClO,. Calcd: C, 39.60; H, 2.97; N, 18.48 %.

Found: C, 37.26; H, 3.18; N, 15.51 %. 'H NMR in CD;CN [8/ppm]: 6.24-6.57 (2H, d,
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pyrazoyl H, J = 2.28), 6.67 (2H, pyrazoyl H, J = 2.55), 7.45-7.48 (2H, dd, bipyridinyl H,
J = 7.52, 6.49), 7.99-8.03 (2H, dd, bipyridinyl H, J = 7.66, 1.47), 8.25-8.35 (3H, m,
pyrazoyl H, J = 2.75), 8.45-8.46 (2H, d, pyrazoyl H, J = 2.76), 8.48-8.50 (2H, d,
bipyridinyl H, J = 8.16), 8.69-8.70 (2H, d, bipyridinyl H, J = 5.55), 9.36 (1H, s,
pyrazoyl H). UV/VIS in CH;CN [Ama/nm(e/ mol'dm’em™)]: 475(3893), 343(6993),
293(24918). The 'H NMR and UV/VIS spectra are shown in Figure 2.2 and 2.6

respectively.

[Ru(bdmpp)(bpy)CO][C1O4]; [1]

[Ru(bdmpp)(bpy)CI]C1O,4 (0.5 g, 0.8 mmol) was dissolved in a water:acetone
(9:1 v/v) mixture (10 ml). Silver p-toulenesulfonate (0.5 g) was added into the solution
which was then heated for 45 minutes. The white AgCl precipitate was filtered off,
The clear reddish orange solution was then heated at 120°C under 10 atm CO in a high
pressure reactor for 24 h. The clear yellow solution was cooled to room temperature
and filtered to remove any insoluble materials. An aqueous solution of LiClQ, was then
added into filtrate. The pale yellow [Ru(bdmpp)(bpy)CO][C1O4], formed was collected
by filtration, washed with water and ether and dried in vacuo (0.48 g, 80%). Anal. For
[Ru(bdmpp)(bpy)CO]{C10s];. Calcd: C, 41.54; H, 3.33; N, 13.05 %. Found: C, 40.54;
H, 3.17; N, 11.88 %. 'H NMR in CD;CN [8/ppm]: 1.57 (6H, s, pyrazoyl Me), 2.88 (6H,
s, pyrazoyl Me), 6.34 (2H, s, pyrazoyl H), 7.40-7.55 (2H, dd, pyrazoy! H, J = 5.2), 7.95-
8.10 (2H, dd, bipyndinyl H, J = 7.42, 1.21), 8.25 (2H, d, bipyridinyl H, J = 1.45), 8.42-
8.60 (2H, m, bipyridinyl H, ] = 7.64, 0.56), 8.69 (2H, d, bipyridinyl H, J = 0.57), 9.81

(1H, dd, pyrazoyl H, J = 0.76). UV/VIS in CH;CN [Am/nm(e/ mol'dm’em™)):
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370(sh), 315(15476), 305(sh), 265(27166). The 'H NMR and UV/VIS spectra are
shown in Figure 2.3 and 2.7 respectively. Crystals suitable for X-ray structural analysis
were obtained by dissolving the pale yellow solid in acetonitrile followed by vapor

diffusion of diethyl ether to the solution.

[Ru(tpm)(bpy)CO]{CI04]: [2]

{Ru(tpm)(bpy)CI}C1O, (0.5 g, 0.8 mmol) was dissolved in a water:acetone (9:1
v/v) mixture (10 ml). Silver p-toluene sulfonate (0.5 g) was added into the resulting
solution which was then heated for 45 minutes. The white AgCl precipitate was filtered
off. The clear reddish orange solution was then heated at 120°C under 10 atm CO in a
high pressure reactor for 24 h. The clear yellow solution was cooled to room
temperature and filtered to remove any insoluble materials. An aqueous solution of

LiClO4 was added into filtrate. The yellowish orange [Ru(tpm)(bpy)CO][ClO4]>

precipitate was collected by filtration, washed with water and ether and dried in vacuo.
Yield ~ 80% (0.45 g). Anal. For [Ru(tpm)(bpy)CO][C1O4).. Calcd: C, 36.10; H, 2.57;
N, 16.04 %. Found: C, 36.49; H, 2.63; N, 14.52 %. 'H NMR in CD3CN [8/ppm]: 6.22-
6.23 (2H, d, pyrazoyl H, J = 2.81), 6.67-6.68 (2H, d, pyrazoyl H, J = 2.02), 7.48-7.49
(2H, dd, bipyridinyl H, J = 4.51, 1.56), 8.12-8.14 (2H, dd, bipyridinyl H, J = 6.50, 1.18),
8.23-8.25 (3H, m, pyrazyol H, J = 2.74, 1.94), 8.29 (2H, d, pyrazoyl H, J = 2.88), 8.33-
8.34 (2H, d, bipyridinyl H, J = 5.32), 8.38-8.40 (2H, d, bipyridinyl H, J = 8.12), 8.97
(1H, s, pyrazoyl H). UV/VIS in CH;CN [Ama/nm(e/ mol'dm’cm™)]: 375(sh),
313(14501), 302(sh), 257(20581), 211(sh). The 'H NMR and UV/VIS spectra are

shown in Figure 2.4 and 2.8 respectively. Crystals suitable for X-ray structural analysis
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were obtained by dissolving the yellowish orange solid in acetonitrile followed by vapor

diffusion of diethyl ether to the solution.
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2.2.4 Physical Measurements

Cyclic voltammetry was performed with a Bioanalytical Systems (BAS) model
100 W electrochemical analyzer interfaced to a microcomputer. A conventional two-
compartment electrochemical cell was used. The glassy carbon working electrode was
treated by polishing with 0.05 um alumina on a microcloth and then sonicated for 5
minutes in deionized water followed by rinsing with the solvent used in the
electrochemical studies. An Ag/AgNO; (0.1 M) electrode was used as reference
electrode. The E;;; values are the averagc-of the cathodic and anodic peak potentials for
the oxidative and reductive wave. The E,/, of ferrocenium/ferrocene couple (Cnge”O)
was used as internal reference in non-aqueous medium (E,;; of Cp,Fe™ in CH;CN =

+0.307 vs. SCE [153]) and all potentials reported are quoted with respect to CpoFe™.

UV/visible spectra were recorded on a Milton Roy Spectronic 3000 photodiode
array spectrophotometer. Infrared spectra were obtained as KBr pellets in the 3200-900
cm™ region on a Nicolet Magna-IR 750 FTIR spectrometer.'H NMR spectra were

recorded on a Brucker 400 MHz DPX 400 spectrometer.

2.2.5 X-ray Crystallographic Data Collection and Refinement of the

Structures

All measurements were made on a Brucker SMART CCD diffractometer with
graphite monochromated MoK, radiation (A=0.71073) operated at 50 kV, 30 mA

condition. Intensity data were collected in the range of 20 = 3 to 55 degree and were
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corrected for Lorentz polarization and absorption effects; empirical absorption
correction based on azimuthal scans of several reflections was applied. Computations
were performed on a SHELXTL software package obtained from Brucker. Analytical
expression of neutral-atom scattering factors were employed, and anomalous dispersion

corrections were incorporated.
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2.3 Results and discussion

2.3.1 UV-visible Spectra

The UV/VIS spectra of the ruthenium complexes are shown in Figures 2.5-2.8.
For [Ru(bdmpp){(bpy)CI]CI1O, (Figure 2.5) the transition at 466 nm can be assigned to
the d(Ru) — a* (bdmpp) metal-to-ligand charge transfer (MLCT) based on previous
studies [154]. The lower-wavelength transitions (<300 nm) are assigned as © -» n*
ligand-localized transitions [155]. Simuiar transitions can be observed for the free
ligands. For [Ru(tpm)(bpy)CIJClO,, (Figure 2.6) the visible region is dominated by a
single dx(Ru) -» ©* (tpm) metal-to-ligand charge transfer (MLCT) band at 343 nm and
475 nm [154]. The transitions in the region < 300 nm can be assigned to the ligand-

localized m — n* transitions [155].

Upon replacement of the CI” ligand by the CO ligand in the Ru complexes, all of

the MLCT transitions shift to shorter wavelengths. This is due to the fact that CO is a
weaker o-donor than CI'. For [Ru(bdmpp)(bpy)}CO]{C10,]. (Figure 2.7} the band at 370
nm can be assigned to a MLCT transition; transitions at wavelenghts <350 nm are
assigned to m — nw* ligand-localized transitions in analogy to the
[Ru(bdmpp)Cl;(PMe;)] complex [154]. For [Ru(tpm)(bpy)CO][C10,]; (Figure 2.8) the

MLCT transition is shifted to 375 nm. The transitions at <320 nm are assigned to a

— n* (bpy) ligand-localized transition.
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2.3.2 Infrared Spectra

Figures 2.9 and 2.10 show the infrared spectra of [Ru(bdmpp)(bpy)CI]" and
[Ru(tpm)(bpy)C1]" respectively. For complex [Ru(bdmpp)(bpy)CI]CIOq, the peak at
1386 cm™ is assigned as the ring-stretching and bending (C=C and C=N) of the
pyrazoles of the bdmpp ligand [157]. Peaks in the region 1400-1600 cm™' are attributed

to the stretching of both the bpy and bdmpp ligands. For [Ru{tpm)(bpy)CI]C1O;, bands

attributed to the bpy stretching overlap with those of tpm in the region 1120-1450 cm™.

Figures 2.11 and 2.12  depict the infrared spectra of
[Ru(bdmpp)(bpy)CO][ClO4), [1] and [Ru(tpm)(bpy)CO][C1O4]); [2]. The spectra bear
resemblance to those of the chloro complexes, showing the characteristic bands of the
bpy, bdmpp and tpm ligands. The characteristic peak of the carbonyl ligand (vCO) is

located at 2006 cm™ for compl.x [1] and at 2010 cm™ for complex [2].

2.3.3 X-ray Structural Determination of the Ruthenium Complexes

The ORTEP plots of [Ru(bdmpp)(bpy)COJ** [1] and [Ru(tpm)(bpy)COJ** 2]
are depicted in Figures 2.13 and 2.14 respectively. The crystallographic data are

summarized in Table 2.1. Selected bond distances and angles are tabulated in Tables

2.2 and 2.3.
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[Ru(bdmpp)(bpy)CO}** [1]

Figure 2.13 depicts the ORTEP plot of [Ru(bdmpp)(bpy)CO)** with atom
numbering. The ruthenium ion is ligated to five nitrogen atoms and one carbon atom.
The tridentate ligand (bdmpp) is coordinated meridonally to the ruthenium center and
the carbonyl ligand is bound opposite to the bpy ligand. The structure bears close
resemblance to that of [Ru(terpy)(bpy)CO]2+ (terpy = 2,2°:6,2”-terpyridine) [20]. The
distances Ru(1)-C(26), C(26)-O(1) of 1.861(3) and 1.133(4) A are close to that of
1.844(4) and 1.160(4) A in [Ru(terpy)(bpy)COJ** . The Ru(1)-C(26)-O(1) bond angle
of 176.5(3) is close to that of 175.2(3)° in [Ru(terpy)(bpy)CO][PFs] It has been shown
that bpp (2,6-bis(pyrazoyl)pyridine) is a weaker m-acceptor and o-donor than terpy
[155]. Thus, the introduction of electron donating methyl group onto the pyrazoyl-
containing ligand increases the c-donating ability of bdmpp. Therefore, the bond
distances and angles of [Ru(bdmpp)(bpy)CO)[CIO;]; are similar to those of

[Ru(terpy)(bpy)CO][PF;]..

[Ru(tpm)(bpy)CO]*" [2]

The ORTEP plot of [Ru(tpm)(bpy)COJ** with atom numbernng is shown in
Figure 2.14. The ruthenium atom is coordinated to 5 nitrogen atoms and one carbon
atom. The tridentate ligand (tpm) is ligated in a facial manner to the ruthenium ion.
The monodentate carbonyl ligand is bound opposite to the tpm ligand. The Ru(1)-C(13)

and O(1)-C(13) distances of 1.848(4) and 1.143(4) A are close to that of 1.844(4) and
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also close to that of 175.2(3)° in [Ru(terpy)(bpy)CO)**
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Figure 2.13  An ORTEP plot of [Ru(bdmpp)(bpy)COJ** with atom numbering
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Figure 2.14  An ORTEP plot of [Ru(tpm)(bpy)CO]** with atom numbering
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Table 2.1 Crystal Data and Conditions for Crystallographic Data Collection and
Structure Refinement of the ruthenium complexes
Complex [Ru(bdmpp)(bpy)CO][CIOs];  [Ru(tpm)(bpy)CO][ClO4],
Space group Monoclinic P2;/n Orthorhombic P2,/n
a(A) 8.1958 (7) 10.7519(14)
b (A) 17.083(2) 21.681(3)
c(A) 10.7240(9) 11.8784(15)
B (deg.) 98.044(2)° 90°
UA) 1486.2(2) 2769.0(6)
A (A) 0.71703 0.71073
Z 2 2
D, (gem™) 1.679 1.744
Crystal dimensions 0.18X0.14X 0.14 0.14 X 0.08 X 0.06
(mm)
n(Mo-K,) (mm™) 0.722 0.830
F(000) 760 1488
Scan mode 0-26 0-20
no. of reflection 10108 17921
20 range 1.92°-27.49° 1.89°-27.56°

R1; wR2

0.0465; 0.1059

0.0935; 0.1719
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Table 2.2

Selected

bond

distances (A)

[Ru(bdmpp)(bpy)CO][C104]); [1]

Ru(1)-C(26)
Ru(1)-N(1)
Ru(1)-N(7)
N(1)-N(2)
N(3)-C(4)
N(5)-C(11)

N(7)-C(25)

C(26)-Ru(1)-N(3)
N(3)-Ru(1)-N(1)
N(3)-Ru(1)-N(5)
N(1)-Ru(1)-N(7)
C(26)-Ru(1)-N(6)

N(1)-Ru(1)-N(6)

1.861(3)

2.067(3)

2.077(2)
1.410(3)
1.332(4)
1.317(4)

1.338(4)

92.80(12)
78.65(10)
78.99(9)
100.71(10)
172.79(12)

89.30(10)

Ru(1)-N(3)
Ru(1)-N(5)
Ru(1)-N(6)
N(2)-C(3)
N(4)-N(5)
N(6)-C(16)

0O(1)-C(26)

C(26)-Ru(1)-N(1)
C(26)-Ru(1)-N(5)
N(1)- Ru(1)-N(5)
N(5)-Ru(1)-N(7)
N(5)-Ru(1)-N(6)

0(1)-C(26)-Ru(1)

53

and angles

2.001(2)
2.071(2)
2.125(2)
1.397(4)
1.404(3)
1.342(4)

1.133(4)

95.09(12)
89.28(12)
157.39(9)
100.92(10)
88.85(9)

176.5(3)

©)

for



Table 2.3

[2]

Ru(1)-C(13)
Ru(1)-N(5)
Ru(1)-N(4A)
N(3)-N(4)
N(2)-C4)

C(13)-0(1)

C(13)-Ru(1)-N(5A)
N(5A)-Ru(1)-N(5)
N(5A)-Ru(1)-N(4)
C(13)-Ru(1)-N(4A)
N(5)-Ru(1)-N(4A)
C(13)-Ru(1)-N(1)
N(5)-Ru(1)-N(1)

O(1)-C(13)-Ru(1)

1.848(4)
2.0658(18)
2.0911(18)
1.357(2)
1.464(4)

1.143(4)

91.20(10)
78.17(10)
173.69(7)
94.54(10)
173.69(7)
178.98(13)
89.59(7)

175.4(3)

Ru(1)-N(5A)
Ru(1)-N(4)
Ru(1)-N(1)
N(3)-C(4)

N(1)-N(2)

C(13)-Ru(1)-N(5)
C(13)-Ru(1)-N(4)
N(5)-Ru(1)-N(4A)
N(5A)-Ru(1)-N(4A)
N(4)-Ru(1)-N(4A)
N(5A)-Ru(1)-N(1)

N(4A)-Ru(1)-N(1)
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Selected bond distances (A) and angles (°) for [Ru(tpm)(bpy)CO][ClO4]2

2.0658(18)
2.0911(18)
2.134(3)
1.447(3)

1.359(4)

91.20(10)
94.54(10)
99.04(7)
99.04(7)
83.16(10)
89.59(7)

84.70(7)



2.3.4 Electrochemical Behavior of the ruthenium complexes

Figure 2.15 shows the cyclic voltammograms of [Ru(bdmpp)(bpy)CO]2+ [1] in
CH,CN under argon atmosphere. Upon reductive scan, two successive redox couples
with Eyp = -1.56 V and ~1.80 V vs. CpoFe™ appeared (labeled couple I and II
respectively). When the potential ramp is reversed before the commencement of the
second wave, couple I is reversible on the CV time scale with anodic to cathodic current
close to 1.0 for scan rate 50-500 mV s (Figure 2.15). Constant potential coulometry at
-1.76 V vs. szFefL’0 established couple I as a one-electron wave. Tanaka et al. {20]
have reported that the first reduction process (Eiz = -1.52 V vs. szFe”o) in
[Ru(terpy)(bpy)CO]2+ is a bipyridine based reduction. Since complex {1] is structurally
similar to [Ru(terpy)(bpy)COJ** and the E; of couple I is close to that of
[Ru(terpy)(bpy)CO]2+ , we can assign the first reduction as a ligand based reduction
process:

Couple I

[Ru(bdmpp)(bpy)CO*  + ¢  —  [Ru(bdmpp)(bpy")COI"

Couple II is irreversible at room temperature. Constant potential coulometry at
—1.86 V vs. CpyFe™ revealed that couple 11 is also a one-electron wave. A small hump

appeared at -0.4 V in the reverse scan which can be assigned to the oxidiation of CO

released upon reduction of [Ru(bdmpp)(bpy)CO]2+ [201.

Couple II:
[Ru(bdmpp)(bpy’)CO* + €  —  [Ru(bdmpp)(bpy™)CO]"
[Ru(bdmpp)(bpy)COI° = [Ru(bdmpp)(bpy")]’ + CO
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When the experiment was conducted at -20°C by cooling the electrochemical cell with
acetone/dry ice mixture (Figure 2.16), the small hump at —-0.4 V disappeared and the
[Ru(bdmpp)(bpy)COJ]™ couple became more reversible. The appearance of the
[Ru(bdmpp)(bpy)CO]“L/0 couple indicates that the Ru-CO bond of

[Ru(bdmpp)(bpy)CO]0 is maintained at least in the CV time scale [20].

Figure 2.17 sHoWs a typical cyclic voltammogram of [Ru(tpm)(bpy)COJ** [2]
under Ar atmosphere. It exhibits two sequential waves at ‘El n=-1.55Vand -1.95 V vs.
CpFe™ (labeled couple I’ and I’ respectively). When the potential ramp is reversed
before the second wave, couple I’ at —1.55 V is reversible on the CV time scale with the
anodic and cathodic peak current close to 1.0 for scan rate 50-500 mV s™' (Figure 2.17).
Constant potential coulometry at —1.66 V vs. Cp,Fe™® showed that couple I’ is a one-
electron wave that is believed to be a bipyridine based reduction wave. Since the cyclic
voltammogram of complex [2] is very similar to that of complex [1], therefore couple I’
and II” are assigned according as follows:

Couple I':

[Ru(tpm)(bpy)COJ** + e =  [Ru(tpm)(bpy’)CO]*

Couple IT":
[Ru(tpm)(bpy)CO]* + &  —  [Ru(tpm)(bpy")CO]°

[Ru(tpm)(bpy™)CO]° —  [Ru(tpm)(bpy™)]°  + Co

As tpm is a stronger o-donor than bdmpp ligand [155], a shift of the second
reduction potential in [Ru(tpm)(bpy)COJ** (couple II vs. couple II’) to the cathodic side
Is expected.
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Figure 2.15
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-2.0 -1.5 -1.0 -0.5 0.0

+{0

Potential / V vs. Cp,Fe

Cyclic voltammograms of 0.3 mM [Ru(bdmpp)(bpy)CO]** in acetonitrile
under 1 atm argon (—); potential ramp is reversed before the second
wave (----). Working electrode: glassy carbon (0.2 cm?). Supporting

electrolyte: 0.1 M TBAH. Scan rate: 100 mV s
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Potential / V vs. Cp,Fe

Figure 2.16 Cyclic voltammogram of 0.25 mM [Ru(bdmpp)(bpy)COJ*" in
acetonitrile under 1 atm argon at -20°C. Working electrode: glassy
carbon (0.2 cmz). Supporting electrolyte: 0.1 M TBAH. Scan rate: 100

mV s
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Potential / V vs. Cp,Fe

Figure 2.17  Cyclic voltammograms of 0.4 mM [Ru(tpm)(bpy)COJ** in acetonitrile
under 1 atm argon (—); the potential ramp is reversed before the second

wave (----). Working electrode: glassy carbon (0.2 cmz). Supporting

electrolyte: 0.1 M TBAH. Scan rate: 100 mV s™.
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2.4 Conclusion

Two new ruthenium carbonyl complexes — [Ru(bdmpp)(bpy)CO][C104]; (1] and
[Ru(tpm)(bpy)CO][CIO4]; [2] have been synthesized and characterized. — X-ray
crystallographic study indicated that the bdmpp ligand is bounded meridonally to the
ruthenium center and the tpm ligand is coordinated facially to the ruthenium center.
The carbonyl ligand is bound opposite to the bpy ligand in complex [1] and the tpm
ligand in complex [2]. Electrochemical studies showed that both cbmplex [1] and [2]
exhibit two one-electron reduction processes in acetonitrile which can be assigned to a

ligand-based and a metal-based redox process respectively.
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Chapter 3
In-situ FTIR Spectroelectrochemical Study of the
Reduction of CO, Catalyzed by the Ruthenium

Complexes



3.1 Introduction

In this chapter, we will describe the electrochemical reduction of CO; catalyzed
by two ruthemium carbonyl complexes — [Ru(bdmpp)(bpy)CO][ClO4]; [1] and
[Ru(tpm)(bpy)CO][Cl04]; [2] that have been synthesized in our laboratory. While
bdmpp (2,6’-bis(3,5-dimethylpyrazol)pyridine) is a meridonal tridentate ligand similar
to terpy (2,2:6,2”-terpyridine), tpm (tns(1-pyrazoyl)methane) is a facial analogue of
these tridentate N-donor ligands. The effect of different proton sources on the product
distribution was investigated. In-situ FTIR spectroelectrochemistry was used to probe

the different mechanistic pathways that lead to the production of CO and HCOO"

respectively.
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3.2 Experimental
3.2.1 Physical Measurement

Cyclic voltammetry was performed by procedures as described in Chapter 2.
Constant potential electrolysis was performed in a gas-tight th;ee-comparﬂnent cell.
Reticulated vitreous carbon obtained from the Electrosynthesis Co. was used as the
working electrode. A control experiment was always performed by electrolysing a
blank solution saturated with argon. Afier completion of an electrolysis, gas samples
were taken through the septum from the head-space above the solution in the working
electrode compartment and analyzed for CO (g) and H, (g) by a Hewlett-Packard model
5890 gas chromatography equipped with a thermal conductivity detector. A6 ft x 1/8 in
stainless steel coluﬁm packed with 5 A molecular sieves was employed in the analysis
with helium as the carrier gas. Formate and oxalate ions in the solution were analyzed
by HPLC with Waters Associate model 510 liquid chromatography equipped with a
Supergel C-610H c¢olumn.  The supported electrolyte tetra-n-butylammonium
hexafluorophosphate was removed from the reaction solution prior to formate analysis
by the following procedure: the solvent (CH;CN) was removed from the reaction
solution under reduced pressure. Distilled water was added to the residue in a 1:1 (v/v)
ratio (H,O / total original reaction volume). Analysis was conducted on the aqueous
filtrate obtained after removal of the precipitated tetra-n-butylammonium

hexafluorophosphate by filtration. In-situ FTIR spectroelectrochemistry was performed

as descnibed in previous chapters.
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3.3 Results and discussion

3.3.1 Electrochemical behavior of complex [1] and [2] in CO,-

saturated acetonitrile

The electrochemical behavior of [Ru(bdmpp)(bpy)CO][Cl04}> [1} and
[Ru(tpm)(bpy)CO][ClO4)> [2] in acetonitrile under argon atmosphere has been
described in Chapter 2. Upon introduction of CO; into the CH;CN solution of [1], an
increase in cathodic current was observed at couple II (Figure 3.1) indicating that the
two-electron reduced form of [1] is an active catalyst towards CO; reduction.
Controlled potential electrolysis of [1] (1)(10'3 M) at -1.86 V vs. Cp;;F‘e”0 in CO»-
saturated acetonitrile using TBAH (0.1M) as electrolyte at room temperature produced a
mixture of carbon monoxide and formate; Figure 3.2 depicts the cyclic voltammograms
of [Ru{tpm)(bpy)COI[Cl04]> [2] in CO;-saturated CH3CN, a sharp increase in cathodic
current at couple I’ is observed indicating that the two-electron reduced form of [2] 1s
also an electrocatalyst for CO; reduction. Controlled potential electrolysis of [2] at —
2.01 V vs. szFe+/0 in CO;-saturated acetonitrile using TBAH as electrolyte at room

temperature produced primarily carbon monoxide with a small amount of formate

(Table 3.1).

When a small amount of H,O was added to the electrolyte, an increase in.the
catalytic current was observed for both complex [1] and [2] in the presence of CO;
(Figures 3.3 and 3.4). No increase in cathodic current was observed in an argon-
saturated electrolyte containing the same amount of of H,O but without CO,, indicating

that the increase in current was not due to the catalytié reduction of H>O. The peak
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current i, is normalized to the peak current i,’ corresponding to the one electron
reduction wave as obtained from the [1]*/[1]° and [2)*/[2]° couples in the absence of
CO; and H,0. The ip/ip° reaches its limiting value at relatively high H>O concentration
(5.0 M) for complex [1] (Figure 3.5). Similar trend can be observed for the ip/i,° of
complex [2] except that the iy/i,° reaches its limiting value at only about 0.6 M H,0
(Figure 3.6). A decrease in the iy/i,° value at higher H,O concentration for both
complex [1] and [2] was observed. This may be due to the fact that the solubility of
CO; is lowered when the concentration of water in the electrolyte is increased.
Moreover, the ruthentum complexes will precipitate out at high H,O concentration.
Tanaka et al. [22] have reported that the addition of protonated alkyl amine salts could
enhance the rate of electrocatalytic reduction of CO; and lead to the selective formation
of HCOOQ'. Figures 3.7 and 3.8 show the cyclic voltammograms of complex [1] and [2]
in CO;-saturated acetonitrile and in the presence of triethylammine hydrochloric acid
salt as proton source. The ratalytic currént increased at couple II for complex [1] and af
couple II’ for complex [2]. There is a sharp increase in cathodic current at potential
beyond couple IT and II’ which 1s due to the catalytic reduction of the alkyl amine salt.
Enhancement in catalytic current can also be observed for other proton sources such as
MesNH'CI" and Me,NH,"CI" (Figures 3.9-3.12). For complex [1], the magnitude of
ip/i,” does not have a strong dependence on the EtsNH'CI" concentration (Figure 3.13).
For complex [2], only a slight increase in iy/i,° was observed with the concentration of
protonated alkyl amine salts (Figure 3.14). The iy/i,® levels off at high Et;NH'CI

concentration.

65



Current / pA

-100

-120 4

Figure 3.1

Potential / V vs. Cp,Fe™

Cyclic voltammogram of 0.5 M [Ru(bdmpp)(bpy)CO]” in acetonitrile
under argon atmosphere (—); under CO, atmosphere (----). Working
electrode: 0.2 cm’. Supporting electrolyte: 0.1 M tetra-n-

butylammonium hexafluorophosphate (TBAH). Scan rate: 100 mV s
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Figure 3.2
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Potential / V vs. Cp,Fe™

Cyclic voltammogram of 0.5 M [Ru(tpm)(bpy)CO}*" in acetonitrile
under argon atmosphere (—); under CO; atmosphere (----). Working
2

electrode: 0.2 cm”. Supporting electrolyte: 0.1 M tetra-n-

butylammonium hexafluorophosphate (TBAH). Scan rate: 100 mV s,
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Figure 3.3

Potential / V vs. Cp,Fe™

Cyclic voltammogram of 0.5 M [Ru(bdmpp)(bpy)CO)*" in acetonitrile
under argon atmosphere (----); under CO; atmosphere (—) and in the
presence of 0.05 M H,O (....). Working electrode: 0.2 cm’. Supporting
electrolyte: 0.1 M tetra-n-butylammonium  hexafluorophosphate

(TBAH). Scan rate: 100 mV s™'.
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Figure 3.4

Potential / V vs. Cp,Fe™

Cyclic voltammogram of 0.5 M [Ru(tpm)(bpy)COJ** in acetonitrile
under argon atmosphere (----); under CO atmosphere (—) and in the
presence of 0.05 M H,0 (....). Working electrode: 0.2 ecm®. Supporting

electrolyte: 0.1 M tetra-n-butylammonium hexafluorophosphate

(TBAH). Scan rate: 100 mV s™".

69



2.5

1.5 4

ifi°

1.0 4

0.5 4

0 5 10 15 20 25 30

Concentraion of H,O (M)

Figure 3.5 Plot of the change of plateau current as a function of H,O concentration

in the presence of [Ru(bdmpp)(bpy)CO]* in CO,-saturated acetonitrile.
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Figure 3.6 Plot of the change of plateau current as a function of H>O concentration

in the presence of [Ru(tpm)(’bpy)CO]2+ in CO;-saturated acetonitrile.
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Figure 3.7
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Potential / V vs. Cp_Fe

Cyclic voltammogram of 0.5 M [Ru(bdmpp)(bpy)CO]** in acetonitrile
under argon atmosphere (—); under CO, atmosphere (----) and in the
presence of 0.05 M EtNH'CI (....). Working electrode: 0.2 cm’.

Supporting electrolyte: 0.1 M tetra-n-butylammonium

hexafluorophosphate (TBAH). Scan rate: 100 mV sl
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Potential / V vs. Cp,Fe

Cyclic voltammogram of 0.5 M [Ru(tpm)(bpy)CO]*" in acetonitrile
under argon atmosphere (—); under CO, atmosphere (----) and in the
presence of 0.05 M EtNH'CI' (....). Working electrode: 0.2 cm’.
Supporting electrolyte: 0.1 M tetra-n-butylammonium

hexafluorophosphate (TBAH). Scan rate: 100 mV s™.

73



Current / pA

Figure 3.9

-200 —

-400

-600

-800

-1000 -

+{0
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" Cyclic voltammogram of 0.5 mM [Ru(bdmpp)(bpy)CO]*" in CO»-
saturated acetonitrile and in the presence of 0.05 M Me,NH,'CI.
Working electrode: glassy carbon (0.2 cm?®). Supporting electrolyte: 0.1
M tetra-n-butylammonium hexafluorophosphate (TBAH). Scan rate: 100

mV s,
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Cyclic voltammogram of 0.5 mM [Ru(bdmpp)(bpy)CO]** in CO»-
saturated acetonitrile and in the presence of 0.05 M Me;NH'CI.
Working electrode: glassy carbon (0.2 ¢cm?). Supporting electrolyte: 0.1
M tetra-n-butylammonium hexafluorophosphate (TBAH). Scan rate: 100

mV s
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Figure 3.11  Cyclic voltammogram of 0.5 mM [Ru(tpm)(bpy)COJ*" in CO;-saturated
acetonitrile and in the presence of 0.05 M Me;NH'CI". Working
electrode: glassy carbon (0.2 cm?). Supporting electrolyte: 0.1 M tetra-n-

butylammonium hexafluorophosphate (TBAH). Scan rate: 100 mV s™.
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Figure 3.12  Cyclic voltammogram of 0.5 mM [Ru(tpm)(bpy)COJ*" in CO,-saturated
acetonitrile and in the presence of 0.05 M Me,NH,"ClI" Working
electrode: glassy carbon (0.2 cm?®). Supporting electrolyte: 0.1 M tetra-n-

butylammonium hexafluorophosphate (TBAH). Scan rate: 100 mV s™.
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Figure 3.13  Plot of the change of plateau current as a function of Et;NH'Cl
concentration in the presence of [Ru(bdmpp)(bpy)CO)** in CO,-

saturated acetonitrile.
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Figure 3.14  Plot of the change of plateau current as a function of Et;NH'CI
concentration in the presence of [Ru(tpm)(bpy)COJ*" in CO,-saturated

acetoritrile.
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3.3.2 Preparative Scale Electrolysis

Table 3.1 summarizes the results obtained from the constant potential
electrolysis of CO; with the ruthenium catalysts at a reticulated vitreous carbon working
electrode. Controlled potential electrolysis of complex [1] and 2] in CO,-saturated
acetonitrile and in the absence of a proton source produced a mixture of carbon
monoxide and formate, although the relative amount of formate produced by complex
[2] is much lower than that of complex [1]. Addition of proton source increases the rate
of catalysis. The electrolyses were performed at proton source concentrations
corresponding to the maximum iy/i,° values as determined in the cyclic voltammograms.
It is noted that CO was produced exclusively with high current efficiencies when H,O
was added, whereas the formation of formate was promoted in the presence of
protonated amine salts, The pK, of H;O in acetonitrile is 2.2-2.35 which is
subsubstantially ‘lower than that of Et;NH'CI" (pK, = 16.8) [156]. For the three
protonated amine salts employed in the study, the yield of formate decreases in the
order Et;NH'CT (pK, = 16.8) > Me;NH,"CI" (pK, = 15.8 [22]) > Me;sNH'CI" (pK, =
14.8 [22]). Significant amount of H> gas was produced with Me;NH'CI™ as proton
source. The current efficiency of formate formation reaches 90% and 76% with
[Ru(bdmpp)(bpy)COJ** and [Ru(tpm)(bpy)CO)** respectively when EtNH'Cl™ was
utilized as the proton source. On the other hand, CO was produced with current
efficiencies of 98% and 88% for complex [1] and [2] respectively in the presence of

H;0.
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Table 3.1. A summary on the electrolysis of CO; in the presence of ruthenium catalysts

a

“Catalysts Proton Potential Charge Current Current Current”
source held/V vs. consumed effictency efficiency efficiency
Cp,Fe™?  /C of CO of HCOO™ ofH,
produced/  produced/ produced /
i % % %
[Ru(bdmpp)(bpy)COI™" | - -1.86 23.36 60.6 35.3
(1426)°  (56.4)° (37.6)° ()"
{Ru(bdmpp)(bpy)COI*" | 0.05M -1.86 43.31 9.6 51.8 38.6
Me;NH'CI
[Ru(bdmpp)(bpy)CO)** | 0.05M -1.86 13.68 17.3 75.9 5.8
Me;NH,"CI’
[Ru(bdmpp)(bpy)COJ*™ | 0.05M -1.86 47.95 7.7 90.2 2.2
Et;NH'CI (21.42)°  (6.5)° (87.8)° (1.9)°
[Ru(bdmpp)(bpy)COT** | 5.0MH,0 | -1.86 58.00 98.0
(30.25)°  (96.0)° () (---)°
- [Ru(tpm)(bpy)COF* | 2.01 11.40 38.8 8.7
(6.80)° (86.2)° (6.9 (-==-)°
[Ru(tpm)(bpy)COJ** 0.05M -2.01 44.02 7.5 63.4 28.7
: MesNHCI
[Ru(tpm)(bpy)CO]** 0.05M -2.01 33.96 13.8 73.5 7.2
Me:NH;CI
[Ru(tpm)(bpy)COJ** 0.05M -2.01 29.98 20.8 76.6 1.6
Et;NH'CI (13.85°  (15.4)° (79.5)° (1.8)°
[Ru(tpm)(bpy)CO}*" 0.66M H,0 | -2.01 13.46 79.7
: (8.52)° (82.1° (----)° ()

 Amount of catalyst in solution = 1 x 10> M; Time of electrolysis = 1h; Solvent:

CH,CN

®TBAH = tetra-n-butylammonium hexafluorophosphate

“Temperature of the electrolyte = -0.5°C

“The Ep of CpoFe™ in CH;CN = +0.307 vs. SCE [153]



3.3.3 In-situ FTIR spectroelectrochemistry

All the In-situ FTIR spectroelectrochemical experiments were performed at —

0.5°C to enable the detection of unstable intermediates during the course of reaction.

(1)  Reduction of [Ru(bdmpp)(bpy)COJ*" and [Ru(tpm)(bpy)CO)**in N,-

saturated acetonitrile

Figures 3.15a-b show the normalized time resolved spectra collected from a
solution of [Ru(bdmpp)(bpy)COJ]** and [Ru(tpm)(bpy)CO]** in N,-saturated acetonitrile

respectively with the potential held beyond the E,» of couple I and IT’.

The v(CO) of complex [1] and [2] are located at 2006 cm™ and 2010 cm’
respectively. The positive AR/R reflectance of the band at 2006 cm™ can be assigned to

the cleavage of the Ru-CO moiety upon two-electron reduction of complex [1] (Figure

! can be

3.10a). Based on previous studies [4], the gain in absorbance at 2273 cm’
assigned to a modified C=N stretch of acetonitrile. The absorbance of acetonitrile is
shifted from its ‘free’ value of 2253 ecm™ to 2273 cm™, suggesting that it undergoes
coordination. The lone pair on the sp-hybridized nitrogen MeCN is slightly antibonding

and so donation to the metal center will increase the C=N stretching frequency [4].

Similar changes in the IR spectra were observed for complex [2] (Figure 3.15b).
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Figure 3.15a A series of normalized time resolved FTIR spectra in the region 2300-
1950 cm™ (8 cm™ resolution, 100 scans) collected from a glassy carbon
electrode immersed in a solution of [Ru(bdrnpp)(bpy)CO]2+ (5 mM) in
N;-saturated acetonitrile. E; =-0.46 V and E, = -1.86 V vs. CpsFe™.
Supporting electrolyte: 0.1 M tetra-n-butylammonium

hexafluorophosphate. The temperature of the electrolyte was kept at -

0.5°C.
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Figure 3.15b A series of normalized time resolved FTIR spectra in the region 2300-
2000 cm™ (8 ecm™ resolution, 100 scans) coliected from a glassy carbon
electrode immersed in a solution of [Ru(tpm)(bpy)CO}*" (5 mM) in N;-
saturated acetonitrile. E;= -0.46 V and E; = -2.01 V vs. szFe%.
Supporting electrolyte: 0.1 M tetra-n-butylammonium
hexafluorophosphate. The temperature of the electrolyte was kept at -

0.5°C.
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(2) Reduction of [Ru(bdmpp)(bpy)CO] * and [Ru(tpm)(bpy)CO]** in

CO,-saturated acetonitrile

The normalized time resolved spectra in the region 3200-1000 cm™ collected
from a solution of [Ru(bdmpp)(bpy)COJ*" in CO,-saturated acetonitrile are shown in

Figure 3.16.

The results showed an intense negative band at 3100-3000 cm™. According to
previous studies [4, 140, 146], these bands can be assigned to the absorptions caused by
the increase in the concentration of TBA™ ions in the thin layer as the electrode surface
became more negatively charged. The carbonyl ligand was dissociated from the
ruthenium metal center which is supported by the positive reflectance of the band at
2006 cm™. There is little change in absorption intensity in the carbonyl region (1800-
1000 cm™). A weak absorption band at 1605 cm™ can be observed which can be
assigned to the presence of free formate. There is also a small increase in the absorption
intensity at 2140 cm™ which is most suitably assigned to the presence of CO [4]. The
intensity of CO absorption observed in the IR spectra is relatively small which is due to
the comparatively low oscillator strength for IR absorption by CO as compared to CO,
(a factor of eight) as well as the low concentration of CO [4]). Similar observations were
obtained for complex [2] except that the intensity of the peak at 1605 cm™ is much
smaller than that of complex [1] due to the much lower concentration of formate
afforded in the electrolysis. This is consistent with the results of constant potential
electrolysis (Table 3.1) which indicated that in the absence of any proton source,
complex [2] gave a relatively smaller proportion of HCOO' than complex [1]. The E;j;

of the metal-centered reduction (couple II’) of complex [2] is more negative than that
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(couple IT) of complex [1]. Hence complex [2] should be a more powerful reductant. It
15 also noted that the ligand opposite to the binding site for CO; in complex [1] is a
pyndine, whereas that in complex [2] is a pyrazole. As pyrazole is a stronger n-acid
than pyridine, the electron density should be more localized in the Ru center in the
reduced form of complex [2] than complex [1]. The very nucleophilic ruthenium center
of complex [2] can therefore interact more favorably with the weakly electrophilic
carbon centerl in CO; giving rise to a Ru-n'-CO, intermediate which is commonly

believed to be the precursor for CO formation.

06— O
Ru’ ]C! 5+ S— Ru_c

I -

(O O
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Figure 3.16
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A series of normalized time resolved FTIR spectra in the region 3200-
1000 cm™ (8 cm™ resolution, 100 scans) collected from a glassy carbon
electrode immersed in a solution of [Ru(bdmpp)(bpy)CO]2+ (5 mM) in
CO;-saturated acetonitrile. E\=-0.46 V and E; = -1.86 V vs. szFeHO.
Supporting electrolyte: 0.1 M tetra-n-butylammonium

hexafluorophosphate. The temperature of the electrolyte was kept at -

0.5°C.
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A series of normalized time resolved FTIR spectra in the region 3200-
1000 cm™ (8 em™ resolution, 100 scans) collected from a glassy carbon
electrode immersed in a solution of [Ru(tpm)(bpy)COJ** (5 mM) in CO;-
saturated acetonitrile. E;= -0.46 V and E; = -2.01 V vs. Cp,Fe".
Supporting electrolyte: 0.1 M tetra-n-butylammonium
hexafluorophosphate. The temperature of the electrolyte was kept at -

0.5°C.
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(3) Reduction of [Ru(bdmpp)(bpy)COJ** and [Ru(tpm)(bpy)COJ** in

CO,-saturated acetonitrile and in the presence of H,O

Figure 3.18 shows the time resolved FTIR spectra obtained at —1.86 V vs.
szFeH0 in the absorption region ranging 3200-1000 cm’ for complex [1] in CO;
saturated acetonitrile in the presence of H;O. The negative bands at 3100-3000 cm’! are
caused by the absorption of the positively charged TBA” ions that were attracted to the
thin layer [4, 140]. The positive band at 2343 cm™ is attributed to the consumption of
CO; during the reduction reaction. Furthermore, the reflectance at 2006 cm’
(characteristic of Ru-CQO absorption) showed an initial increment in the early stage of
the electrolysis, but then the absorption intensity became constant afterwards. This
suggests a continual formation and consumption of the Ru-CO moiety during the course
of electrolysis. Similar results were also obtained for complex [2] in CO, saturated

acetonitrile in the presence of H,O (Figure 3.19).
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Figure 3.18a A series of normalized time resolved FTIR spectra in the region 3200-
1000 cm™ (8 cm’ resolution, 100 scans) collected from a glassy carbon
electrode immersed in a solution of [Ru(bdmpp)(bpy)COJ** (5 mM) in
CO»-saturated acetonitrile and in the presence of H;O (5.0 M). E; = -
0.46 V and E; = -1.86 V vs. CpsFe™. Supporting electrolyte: 0.1 M
tetra-n-butylammonium hexafluorophosphate. The temperature of the

electrolyte was kept at -0.5°C. A summary of the assignment of the

bands 1, 3-7 is given in Table 3.2.
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Figure 3.18b A series of normalized time resolved FTIR spectra in the region 3200-
1000 ecm™ (8 cm resolution, 100 scans) collected from a glassy carbon
electrode immersed in a solution of [Ru(bdmpp)(bpy)COJ** (5 mM) in
BCO,-saturated acetonitrile and in the presence of H;O (5.0 M). E, =-
0.46 V and E; = -1.86 V vs. szFeW. Supporting electrolyte: 0.1 M
tetra-n-butylammonium hexafluorophosphate. The temperature of the

electrolyte was kept at -0.5°C.
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Figure 3.19 A series of normalized time resolved FTIR spectra in the region 3200-
1500 cm’’ (8 cm™ resolution, 100 scans) collected from a glassy carbon
electrode immersed in a solution of [Ru(tpm)(bpy)CO] 2 (5 mM) in CO;-
saturated acetonitrile and in the presence of H;O (0.66 M). E, =-046 V
and E; = -2.01.V vs. Cp,Fe™. Supporting electrolyte: 0.1 M tetra-n-
butylammonium hexafluorophosphate. The temperature of the

electrolyte was kept at -0.5°C.
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Figure 3.20 shows the expanded normalized time resolved spectra in the rcgion
2200-2100 cm™ for complex [1]. An increase in the absorption intensity at 2140 cm’' is
observed. Figure 3.21 shows the results obtained in the same region when complex [2]
was electrolyzed under the same conditions. The band at 2140 cm™ is most suitably

assigned to the gain in CO concentration during the reduction process [4].

Significant changes were also observed in the carbonyl absorption region during
the course of CO; reduction; the expanded spectra of which are shown in Figure 3.22.
Negative bands appeared at 1587 cm™ and 1171 cm™. It is known that the IR bands of
coordinated CO; do not resemble those of free linear molecules (vagym 2349 cm", Vasy
1388 cm™ or 1285 cm™ (one of these is due to Fermi resonance)) but are more closely
related to certain types of metal-bound CO;" or the radical anion itself [134]. Mascetti
et al. has studied the interaction of a sertes of metal atoms with CO; (M-r|'-C02) by
FTIR. The voco bands in the M-n'-CO; compounds were found at 1750-1690 cm™ and
1180-1090 cm™’ [58, 134]. Therefore, the features at 1587 cm™ and 1171 em™ observed
In our experiments can be assigned to the presence of Ru-n'-COz species. The growth
in intensity at these features became less profound in the latter course of electrolysis
indicating its concentration had reached a steady state. The negative bands at 1276 cm™
and 1345 cm™' can be assigned to the formation of the ion pair [CO;*][TBA']; [140,
157]. Another feature is the positive band at 1642 cm'], which can be attributed to the
v3 absorption of CO;*. As proton is consumed in the electrolysis, the pH around the
electrode surface will increase as the reduction of CQO; proceeds. An alkaline medium
would favor the formation of CO;*" which can form ion pair with TBA" ion on the

electrode surface. Any free CO;> would be repelled from the highly negatively charged
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electrode surface. The existence of the band at 1333 cm™ can be assigned to the

symmetric stretch of C-O-H in hydrogencarbonate.

It was noted that no bands assignable to species like M-CHO or M-OCOH could
be observed in the IR spectra. All the above assignments are supported by isotopic
labeling using >CO, instead of >CO,. Under *CO; atmosphere, a positive band at
2278 cm’ corresponding to the consumption of '*CO, was observed during the
reduction process. Bands assignable to '>)CO at 2110 cm™ and H"CO;* at 1313 cm™

could also be observed (Figure 3.18b).
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Figure 3.20 A series of normalized time resolved spectra in the region 2200-2100 cm’
"8 cm resolution, 100 scans) collected from a glassy carbon electrode
immersed in a solution of [Ru(bdmpp)(bpy)COJ** (5 mM) in CO,-
saturated acetonitrile and in the presence of H;0O (5.0 M). E;=-046V
and E; = -1.86 V vs. Cp,Fe™. Supporting electrolyte; 0.1 M tetra-n-

butylammonium hexafluorophate. The temperature of the electrolyte

was kept at -0.5°C.
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Figure 3.21 A series of normalized time resolved spectra in the region 2200-2100 cm”
' (8 cm™ resolution, 100 scans) collected from a glassy carbon electrode
immersed in a solution of [Ru(tpm)(bpy)CO)** (5 mM) in CO,-saturated
acetonitrile and in the presence_of H,O (0.66 M). E, =-046 Vand E; =
201 V vs. Cp,Fe™. Supporting electrolyte: 0.1 M tetra-n-

butylammonium hexafluorophate. The temperature of the electrolyte

was kept at -0.5°C.
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A series of normalized time resolved FTIR spectra in the region 1900-
1000 cm™ (8 cm™ resolution, 100 scans) collected from a glassy carbon
electrode immersed in a solution of [Ru(bdmpp)(bpy)CO** (5 mM) in
COy-saturated acetonitrile and in the presence of H,O (5.0 M). E, = -
0.46 V and E; = -1.86 V vs. Cp,Fe™. Supporting electrolyte: 0.1 M
tetra-n-butylammonium hexafluorophosphate. The temperature of the

electrolyte was kept at -0.5°C.
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We can interpret the spectroelectrochemical results as follows:
[Ru(L)(bpy)COF*" first undergoes an irreversible reduction to give [Ru(L)(bpy")S]°
(where S is the solvent molecule). In the presence of H,O, hydration of CO; is expected
to occur as H,O is a relatively strong proton source in acetonitrile (pK, = 2.2-2.35)
[156]. The CO; molecule is expected to form hydrogen bonding in the solution with the

H;0 molecule.

The drainage of electron density to the oxygen atom through hydrogen bonding would
make the carbon center in the CO, molecule more electrophilic. Therefore, the
nucleophilic Ru center can attack the CO, molecule favorably to produce the Ru-CQ;
adduct - [Ru(L)(bpy)(COO)]*. The presence of proton source can stabilize the Ru-CQ;
adduct by hydrogen bonding and triggers the cleavage of one of the two C-O bonds
resulting in the formation of CO [66, 68]. This can explain why CO was produced
exclusively in the presence of a relatively strong proton source such as H,O. The

proposed mechanistic pathway is summarized in Scheme L.
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H,0+20H

CO,/2H,0

Scheme I

Where S 1s a solvent molecule
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(4)  Reduction of [Ru(bdmpp)(bpy)COJ** and [Ru(tpm)(bpy)COJ** in

CO,-saturated acetonitrile in the presence of Et;NH'CI"

Figure 3.23a shows the time resolved FTIR spectra of complex [1] in the region
3200-1000 cm™ in the presence of Et;NH'CI™ as proton source. The intense negative
bands at 2971-2874 cm™' can be assigned to the absorption attributed to TBA* [140].
The consumption of CO, can be monitored by the positive band at 2340 cm™. The
positive reflectance band at 2006 cm™ indicates that the CO ligand is detached from the
ruthenium center (Figure 3.23a). The loss of the carbony! ligand leads to the formation
of [Ru(bdmpp)(bpy)S1° (S = CH;CN) with a vacant site available for the coordination of

COz. Similar results were obtained for complex [2] (Figure 3.26).

A growth in the absorption at 1977 cm™' was observed at the expense of the
absorption intensity of the ku-CO species at 2006 c¢m’’ (Figure 3.24). This band
showed a negative trend in the difference spectrum in the initial stage of the electrolysis
indicating an increase in concentration of this absorbing species. The change in AR/R
then leveled off which may imply the steady formation and consumption of this species.
In order to have better understanding of this intermediate species, in-situ FTIR
spectroelectrochemical monitoring of an acetonitrile solution containing 5 mM of
complex [1] and 0.05M Et;NH'CI" under nitrogen was conducted. It revealed a board
absorption at 1977 cm™ (Figure 3.25a). It is known that metal-hydride species strongly
absorb in the IR spectrum in the region 1856-2000 cm™ [116, 158, 159]. Itis also noted
that hydrogen gas was produced in the electroreduction of CO, in the presence of
Ets;NH'CI" besides HCOO". As a metal-hydride intermediate is usually involved in the

production of gaseous hydrogen, the species at 1977 cm™ is most robably due to a
P
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metal-hydride complex. When deuterium labeled Et;ND*CI” was used, an isotopic shift
is observed in the negative band corresponding to the Ru-D complex at 1410cm’
(Figure 3.25b). Complex [2] also showed a similar band at 1971 cm™ assignable to the
formation of metal-hydride bond in the presence of Etz;NH'Cl in N,-saturated
acetonitrile (Figure 3.27a). An isotopic shift was also observed when Et;NHD'CI” was

used (Figure 3.27b).

Figure 3.24 shows the expanded IR spectra in the carbonyl-stretching region
(2200-1000 cm™) for complex [1]. A feature appeared at 1377 cm™ in phase with
another band at 1580 cm™ which suggests that the two bands might be attributable to the
same species. These bands were formed at the expense of the Rﬁ—H peak at 1977 cm™.
The absorption intensity of these bands increased at the beginning of the reduction
process and then became constant in the latter course of reduction. The available
formato complexes data permit the possible assignments of these bands to be either (1) a
Ru formato complex (i.e. M-n'-OCO" complex veo= 1500-1700 cm™ and 1200-1400
cm™), or (2) a Ru carbonato complex (vco= 1590-1610 em™ and 1260-1300 cm™) [60,
140]. As this species was produced at a potential at which ruthenium metal would
almost certainly favor the Ru(0) oxidization state and the difference in stretching
fréquency Av (212 cm™) between the V(CO2)assym and v(COgz)sym is typical of a
monodentate formato species [60], it is unlikely that this species is a ruthenium
carbonate complex. Therefore, the bands at 1377 cm™ and 1580 ¢cm™' can be most
suitably assigned as a ruthenium formate species with the formato ligand bound in a
terminal, monodentate fashion. The formation of the formato complex is most likely

caused by the insertion of CO; into the Ru-H bond [60, 160-162].
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Another important feature is the growth in absorption at 1605 cm™, 1207 cm™
and 1151 em™ (Figure 3.24). These bands can be assigned to the C-O-C stretching of
formate based on previous studies [110, 157, 163]. The ruthenium formato species is
the precursor of the free formate. This is supported by the observation that the
ruthenium formate species is detected in significant concentration prior to the
production of appreciable quantities of free formate (Figure 3.24). Moreover, it can be
seen that the peak intensity at 1605 cm™ continues to grow during electrolysis, while
that at 1377 cm™ and 1580 cm™' became less profound afterwards and the reflectance of
the band at these wavenumbers switch to a positive trend (Figuré 3.24). There is also a
weak negative band at 1642 cm’! that is assigned to CO;%. The formation of COy% is
probably due to the increase in pH around the electrode surface during electrolysis.
When the electrocatalytic reduction of *CO, was conducted under similar conditions,
there was growth in absorbance at 1148 cm™ that is due to the presence of H*COO™ and
observation of '*COs> at 1604 cm™ (Figure 3.23b). Table 3.2 summarized the

assignments of the bands in Figure 3.15-3.27.

Several key experimental observations for the catalytic reduction of CO; in the
presence of Et;NHCI are as follows: (1) No absorption bands assignable to Ru-n'-CO,
species could be detected when EtsNH'Cl” was used as proton source. As Et;NH'CI is

‘a much weaker proton source (pK, = 16.8) compared to H>O (pK, = 2.2-2.35) in
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acetonitrile, the degree of the formation of hydrogen bonding between Et;NH* and CO,
is of a much lesser extent, if not impossible. As the electrophilicity of the carbon center
in CO; is not enhanced by hydrogen bonding, the attack by the electron rich ruthenium
metal is not that kinetically favored as compared to the formation of a Ru-H species.
Instead, the electron rich ruthenium center tends to react with E;;NH' to give a Ru-H
species. (2) The ruthenium hydride complex was formed at the expense of the Ru-CO
species whereas the ruthenium formato complex was formed in the expense of the
hydride complex. The formation of the ruthenium formato complex is generally
believed to occur via the insertion of CO; into the Ru-H bond. The mechanism

proposed for the formation of formate is summarized in Scheme II.

The [Ru(L)(bpy)COJ** first undergoes two-electron reduction accompanied with
the loss of CO to generate the five-coordinated species (where S is the solvent
moleucle). The electron rich species tends to react with the H' originate from
Et;NH'CI" affording the hydride complex. Subsequent CO; insertion into the Ru-H
bond gives the formato intermediate. Since the metalloformate species can be detected
in significant concentration prior to the production of appreciable quantities of free
formate, it is believed that the elimination of the HCQQO from the
[Ru(bdmpp)(bpy)(OCOH)] is a slow step. From the results obtained from the bulk
electrolysis experiment, a small amount of hydrogen gas was generated in the presence

of EtzNH'CI. The formation of a Ru-H intermediate species can also account for the

formation of H,.
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Figure 3.23a A series of normalized time resolved FTIR spectra in the region 3200-

Wavenumber/cm”'

1000 cm™ (8 cm™ resolution, 100 scans) collected from a glassy carbon
electrode immersed in a solution of [Ru(bdmpp)(bpy)COF* (5 mM) in
CO,-saturated acetonitrile and in the presence of Et;NHCI (0.05 M). E,

=-0.46 V and E; = -1.86 V vs. Cp,Fe™”°. Supporting electrolyte: 0.1 M

tetra-n-butylammonium hexafluorophosphate.

electrolyte was kept at -0.5 °C. A summary of the assignment of the

bands 2,5,8,9 is given in Table 3.2.
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Figure 3.23b A series of normalized time resolved FTIR spectra in the region 3200-
1000 cm™ (8 cm™ resolution, 100 scans) collected from a glassy carbon
electrode immersed in a solution of [Ru(bdmpp)(bpy)COJ*" (5 mM) in
BCO,-saturated acetonitrile and in the presence of Et;NH'CI™ (0.05 M).
Ei=-046 Vand E; =-1.86 V vs. szFe+’0. Supporting electrolyte: 0.1 M

tetra-n-butylammonium hexafluorophosphate. The temperature of the

electrolyte was kept at -0.5 °C.
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Figure 3.24 A series of nommalized time resolved FTIR spectra in the region 2200-
1100 e¢m™! (8 em’ resolution, 100 scans) collected from a glassy carbon
electrode immersed in a solution of [Ru(bdmpp)(bpy)CO]2+ (5 mM) in
COy-saturated acetonitrile and in the presence of EtNH'CI' (0.05 M). E,
=-0.46 V and E; = -1.86 V vs. Cp,Fe™™. Supporting electrolyte: 0.1 M

tetra-n-butylammonium hexafluorophosphate. The temperature of the

electrolyte was kept at -0.5 °C.
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Figure 3.25a A series of normalized time resolved FTIR spectra in the region 2100-
1950 ¢m’ 8 cm”! resolution, 100 scans) collected from a glassy carbon
electrode immersed in a solution of [Ru(bdmpp)(bpy)COJ** (5 mM) in
N,-saturated acetonitrile and in the presence of Et;NH'CI (0.05 M). E,
= -0.46 V and E; = -1.86 V vs. Cp,Fe'®. Supporting electrolyte: 0.1 M
tetra-n-butylammonium hexafluorophosphate. The temperature of the

electrolyte was kept at -0.5 °C.
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Figure 3.25b In-situ FTIR spectra obtained from [Ru(bdmpp)(bpy)CO}*" in N,
saturated acetonitrile in the presence of 0.05 M Et;NH'CI’ (—) and 0.05
M EtND'Cl (). E;: -0.46 V and E; = -1.86 V vs. CpyFe™.
Supporting electrolyte: 0.1 M tetra-n-butylammonium

hexafluorophosphate. The temperature of the electrolyte was kept at -0.5

°C.
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Figure 3.26 A series of normalized time resolved FTIR spectra in the region 2200-
1550 cm™ (8 cm’! resolution, 100 scans) collected from a glassy carbon
electrode immersed in a solution of [Ru(tpm)(bpy)COF" (5 mM) in CO;-
saturated acetonitrile and in the presence of ENH'CI (0.05 M). E; =-
0.46 V and E; = -2.01 V vs. Cp,Fe™. Supporting electrolyte: 0.1 M
tetra-n-butylammonium hexafluorophosphate. The temperature of the

electrolyte was kept at -0.5 °C.
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Figure 3.27a A series of normalized time resolved FTIR spectra in the region 2100-
1950 cm™ (8 cr_'n'l resolution, 100 scans) collected from a glassy carbon
electrode immersed in a solution of [Ru(tpm)(bpy)COT*" (5 mM) in Na-
saturated acetonitrile and in the presence of E4NHCI'(0.05 M). E, = -
0.46 V and E; = -2.01 V vs. CpoFe™. Supporting electrolyte: 0.1 M

tetra-n-butylammonium hexafluorophosphate. The temperature of the

electrolyte was kept at -0.5 °C.
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Figure 3.27b In-situ FTIR spectra obtained from [Ru(tpm)(bpy)CO]** in N; saturated
acetonitrile in the presence of 0.05 M Et;NH'CI (—) and 0.05 M
Et;ND'CI' (——-). E;=-0.46 V and E, = -2.01 V vs. Cp,Fe*”’. Supporting
electrolyte: 0.1 M tetra-n-butylammonium hexafluorophosphate. The

temperature of the electrolyte was kept at -0.5 °C.

111



Et;NH

EtzN

+e’

HCOO

Co,

Scheme 11

Where S 1s a solvent molecule
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Table 3.2. Assignments of features in Figures 3.15-3.27

Peak in the figure Position v/ cm’ Assignment
(1) 1270 e [CO;™J[TBA™),
1345 cm™
(2) 1377 cm™ M-OCOH
1580 cm’™ (metalloformate complex)
3) 1642 cm™ COs™
4) 1587 cm™ M-n'-CO;
1171 em™
(5) 1027 cm’™
1151 cm™ Free HCOO"
1605 cm’™!
(6) 2140 cm’™ Free CO
N 2340 cm’™ CO;
(8) 2971 cm™ TBA*
9) 1977 cm™ Ru-H
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3.4 Conclusion

Both complex [1] and [2] are active towards the electrocatalytic reduction of
CO,. Only CO was produced in the presence of H,O in the electrocatalytic reaction.
The presence of protonated amine salts shifts the reaction towards the formation of
formate. In-situ FTIR spectroelectrochemical studies revealed the existence of Ru-n'-
CO; species in the presece of H;O in the electrocatalytic reduction of COz. On the
contrary, a ruthenium hydride species was detected in the presence of Et;NH'CI". Itis
interesting to note that although H,O is a stronger Bronsted acid than Et;NH' in
acetonitrile, a ruthenium hydride species was formed between the reduced ruthenium
center and EtsNH" but not Hz0 in the presence of CO;. We argue that the formation of
hydrogen bonding between H,0 and CO; can enhance the electrophilicity of the carbon
center in the CO, molecule thus facilitating the attack by the electron rich Ru to give a
Ru-CO; species which would lead to the subsequent formation of CO. On the contrary,
Et;NH" is not acidic enough to form hydrogen bonding with CO,. When the very
electron rich ruthenium is generated, it will react with Et;NH' in a kinetically favorable
manner to give a Ru-H species which will allow the subsequent insertion of CO; to

produce formate as the major product.
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Chapter 4
In-situ FTIR Spectroelectrochemical Study on the

Reduction of CO, Catalyzed by an Iron Complex



1.1 Introduction

Although numerous reports on ruthenium catalysts for CO, reduction have
appeared in literature [5, 6, 20-22], there are relatively few reports on iron catalysts
despite the two elements belong to the same group. Iron porphyrins [66, 68, 89] and
porphycenes [136] are the two classes of iron complexes that have been reported to be
effective catalysts for the electrochemical reduction of carbon dioxide. Therefore, it
would be interesting to investigate the electrocatalytic activity of non-porphyrin
analogues of the iron complexes. Although iron schiff base (Fe(salen)) is an obvious
candidate, the ease of hydrolysis of the iron imino bond in the salen ligand limits its
applications. The ligands 6,6’-bis(2-hydroxy)-2,2’-bipyridine (H,dobpy) and 2,9-
bis(2’-hydroxyphenyl)-1,10-phenanothroline (H,dophen) are structurally similar to
N,N’-bis(salicylidene)ethylenediamine (Hzsalen). However, the absence of free imino
bonds in the dophen ligand makes it much more stable than the salen ligand [164].
Therefore, we have studied the catalytic properties of the iron complex of 2,9-bis(2’-
hydroxyphenyl)-1,10’-phenanothroline (H.dophen). Experiments were also conducted
in the presence of various proton sources to study the effect of Bronsted acids on the
Fe(dophen) system. In-situ FTIR spectroelectrochemistry was employed to probe the

intermediates formed in the course of the reduction process.
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4.2 Experimental Section

4.2.1 Materials

2,9°-Bis(2’-hydroxyphenyl)-1,10-phenanthroline (H.dophen) was synthesized by
literature reported method [164, 165]. Anhydrous iron (IIT) chloride was obtained from
Janssen Chemical Co. Dimethylsulphoxide was distilled over anhydrous calcium
sulphate under reduced pressure and stored over 4A molecular sieves before used.
Tetra-n-butylammonium hexaflouorophosphate (Aldrich) was recrystallized in ethanol
and dried in vacuo at 80°C for 24 hr before used. Carbon dioxide (purity > 99.9%) was
obtained from Hong Kong Oxygen Co. Other chemicals were obtained from Aldrich

Chemical Co. were of reagent grade and were used as received.

4.2.2 Synthesis

The preparation of ligand and iron complexes followed a previously reported

procedure [166].

2,9-Bis(2’-hydroxyphenyl)-1,10-phenanthroline (H;dophen)

A solution of ortho-methoxyphenyl lithium, prepared from ortho-bromoanisole
(37.4 g, 0.2 mol) and lithium (3.0 g, 0.4 mol) in 50 ml anhydrous ether, was rapidly
added to a solution of 1,10-phenanthroline (0.05 mol, 9.0 g) in 100 ml anhydrous

toluene. The mixture was stirred for 48 h at room temperature under argon atmosphere.
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After this period, 100 ml water was added and the aqueous layer was extracted with
dichloromethane (3 x 100 ml). The organic portions were combined and dried over
anhydrous Na;SQO4. After removing the organic solvent under reduced pressure, 17 g of
the crude product was redissolved in dichloromethane and 100 g of activated MnO,
powder was added in small portions. The resulting mixture was stirred at room
temperature for 4 h. 50 g of anhydrous Na,SO,4 was then added and stirred for another
one hour. After filtration, the solvent was removed and 15 g of brown oily material was
obtained. The brown oily material was chromatographed on a silica-gel column with
ethyl acetate and hexane mixture (1:3 v/v) as eluent. Pale yellow 2,9-bis(o-
méthoxyphenyl)-l,10-phenanthroline crystals were obtained. Then 0.75 g of the pale
- yellow crystals (1.9 mmol), 48% aqueous HBr (3 ml) and acetic acid (3 ml) were heated
at '120°C for 20 h under argon atmosphere. A yellow precipitate formed during the
~ process. The cooled mixture was added to ice (40 g) and neutralized to pH 6 by the
addition of N2;COs. The product was extracted with dichloromethane (2 x 50 ml), dried
over Na,S0; and the solvent was distilled under reduced pressure. The resulting yellow
crystals of szophen were washed with diethyl ether and dried in vacuo (0.54 g, 80%
yield). 'H NMR in d-DMSO [8/ppm]: 8.70 (2H, d), 8.60 (2H, d), 8.27 (2H, dd), 8.08

(2H, s), 7.41 (2H, m), 7.09 (2H, d), 7.03 (2H, m).

[Fe"'(dophen)Cl];

The H,dophen ligand (0.15 g) was dissolved in warm methanol (50 ml). -

Anhydrous FeCl; (0.1 g) was added to the solution. This led to an immediate color
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change from pale yellow to dark green and the precipitation of a dark green
microcrystaliine solid. The dark green solid was filtered and washed with methanol
(vield ~70%). Anal. for [Fe(dophen)CIJCH;OH.: Calcd. C, 61.41; H, 3.68; N, 5.73%.
Found C, 61.17; H, 3.45; N, 5.78%. UV/VIS in DMSO [Ama/nm (e/dm’ mol” em™)]:
402 (11400), 314 (27500). The complex exists as a dimer in solid state and the structure

has been confirmed by X-ray crystallography [166].

[Fe""(dophen)(N-Melm);]C10, (N-MeIm = 1-methylimidazole)

[Fe(dophen)Cl]; (0.15 g) was dissolved in methanol (30 ml). Excess 1-
methylimidazole was added to the solution, which was heated to ca 60°C for 15 min.
The solution was then concentrated to ca. 15 m! rnd excess LiCl04 was added to the
concentrate. Dark green precipitate of [Fe''(dophen)(N-Melm),]CIO4 appeared upon
cooling in a refrigerator. The crude pré)duct was filtered and recrystallized by vapor
diffusion of diethyl ether .into a methanol solution of the complex. (Yield ~80%). Anal.
for [Fe(dophen)(N-MeIm);]C10s,: Calcd. C, 56.35; H, 3.82; N, 12.33%. Found: C,
56.28; H, 3.68; N, 12.26%. UV/VIS in CH3;CN [Amw/nm (e/cm’ mol” cm™)]: 396
(7900), 312 sh (21400), 282 (29500), 262 (29500). The structure of the complex has

been confirmed by X-ray crystallography [166].
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4.2.3 Physical Measurements

UV/VIS spectra were recorded on a Milton Roy Spectronic 3000 diode array
spectrophotometer. Cyclic voltammetry was performed by a Bioanalytical Systems
(BAS) model 100W electrochemical analyzer as described in previous chapters. Thin
layer UV/VIS spectroelectrochemistry was performed by the Milton Roy
spectrophotometer together with a Princeton Applied Research Mode 273 A
potentiostat. The electrolysis cell was a thin layer quartz cell of path length 0.5 mm
with a platinum gauze working electrode, a platinum wire counter electrode and an
Ag/AgNO; (0.1 M) reference electrode. The electrolyte was thoroughly degassed with
pre-purified argon before measurement. [n-situ FTIR spectroelectrochemistry was

performed according to the procedures described in previous chapters.

Constant potential electrolysis was performed in a gas-tight three-compartment
cell. Reticulated vitreous carbon obtained from The Electrosviithesis Co. was used as
working electrode. A control experiment was always performed by electrolysing a
blank solution saturated with argon. After completion of an electrolysis, gas samples
were taken through a septum from the head-space above the solution in the working
electrode compartment and analyzed for CO and H; by a Hewlett-Packard modet 5890
gas chromatography equipped with a thermal conductivity detector. A 6 ft x 1/8 in
stainless steel column packed with 5 A molecular sieves was employed in the analysis
with helium as the carrier gas. Formate and oxalate ions in the solution were analyzed
by HPLC with a Waters Associate model 510 liquid chromatograph equipped with a

Supelcogel C-610H column. The su.pporting electrolyte tetra-n-buytlammonium
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hexafluorophosphate was removed from the reaction solutions prior to formate analysis
by the following procedures: the solvent (dimethylsulphoxide) was removed from the
reaction solutions under reduced pressure. Distilled water was added to the residue in a
2:1 (v/v) ratio (H,Oftotal original reaction volume). Analysis was conducted on the
aqueous filtrate obtained after removal of the precipitated tetra-n-butylammonium

hexafluorophosphate by filtration.

4.3 Results and Discussion

4.3.1 Electrochemical Behavior of [Fe(dophen)(N-Melm),]” in DMSO

As the iron complex is only soluble in polar solvents, investigations on the
electrochemistry of the complex were conducted in N,N-dimethylformamide (DMF)
and dimethylsulphoxide (DMSQ). The voltammetric behavior of the complex in
DMSO and DMF is very similar. The cyclic voltammograms of [Fe"'(dophen)(N-
Melm);]" in DMSO and DMF are shown in Figures 4.1a and 4.1b respectively. Upon
reductive scan, three reversible couples of similar size appear at E;; = -0.75, -2.03 and -
2.45 V vs. Cp,Fe™ in DMF which are labeled couple I, II and III respectively (Ei = -
0.74, -2.02, -2.46 V vs. Cp,Fe™ in DMSO). Constant potential coulometry at —-1.3 V
and -2.3 V established that couples I and II are one-electron redox couples. Attempts to
establish the stoichiometry of couple III by constant potential coulometry at -2.50 V,

however, did not result in the decay of the current back to background level. As the size
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of all three coupies are similar, it is reasonable to assign couple III as one-electron

couple.

Couple I is undoubtedly a metal-based Fe(IlI)/Fe(Il) reduction as the free
Hadophen ligand can only be reduced at a much more negative potential (-2.05 V)
(Figure 4.2). This is supported by the observation that addition of excess amount of the
hard Lewis base diethylamine to the electrolyte would cause a significant shift in the
Ein2 of couple T accompanied by a large peak-to-peak separation of the couple (Figure
4.3). As the E;;; of couple II and IIT are very close to that of Hydophen, it is difficult to
assign couple II and III as metal- or ligand-based processes. However, in the presence
of the soft base CO, a significant shift in the E,/; of couple II was observed (Figure 4.5).
As CO 1s a strong m-acid ligand, our observation is consistent with the ligation of CO to
the electron rich Fe' center [167) and cathodic wave IIa can be assigned to the reduction
of Fe'-CO species. Adc.ition of excess pyridine also caused a shift in the E,; of both
couple I and II (Figure 4.4). The Ey;; of couple III remains unchanged in the presence
of hard or soft Lewis bases. These results support the assignment of couple I and II to

metal-based redox processes and couple III is a ligand-based redox reaction.

In order to get more insight into the nature of these reduction processes, we have
conducted the in-situ UV thin layer spectroelectrochemical studies. The UV-visible

']'(dophen)(N-MeIm)2]+ shows an intense intraligand transition at 396

spectrum of [Fe
nm (Figure 4.6) which can also be observed in the spectrum of the free Hydopnen ligand
(Figure 4.7). Reduction of the free Hydophen ligand at —2.05 V results in a significant

decrease in intensity of this absorption band accompanied by a red shift of peak

wavelength by over 60 nm as shown in Figure 3.7. We would expect similar spectral
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change if the reduction process of the metal complex is primarily a ligand-based
reduction. Stepping the potential of the iron complex from -0.7 V to -0.88 V causes a
slight shift of this absorption peak from 396 nm to 402 nm with 2 small increase in the
absorption intensity (Figure 4.6). This is consistent with the assignment of couple I to a
metal-based process; the small change in peak maximum and intensity can be explained
by perturbation of the intraligaﬁd transition upon coordination to the metal ion.
Stepping the potential from -1.85 V to 22 V only causes a small decrease in the
intensity in the intraligand transition band. This indicates that couple II is unlikely to be
a ligand-based reduction process. Further reduction of the complex by stepping the
potential to 2.52 V, however, causes a significant decrease in the intensity of the
intraligand transition with a new hump arises to around 440 mm. The spectral change
accompanying the reduction of the iron complex at this potential is similar to that of
free Hydophen ligand, suggesting that couple III is primarily a ligand-based reduction.

We therefore assign counle II to the reduction of Fe(II} to Fe(I) and couple III to tae

reduction of [Fc’(dophen)]' to [Fe'(dophen)']z' respectively.
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Cyclic voltammogram of 0.4 mM [Fe(dophen)(N-Melm),]* in
dimethylsulphfoxide under 1 atm argon. Working electrode: glassy
carbon (0.2 cmz). Supporting electrolyte: 0.1 M tetra-n-butylammonium

hexafluorophosphate. Scan rate: 100 mV 5™
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Potential / V vs. Cp,Fe*”

Cyclic  voltammogram of 0.4 mM [Fe(dophen)(N-Melm),]* in
dimethyiformamide under 1 atm argon. Working electrode: glassy
carbon (0.2 cmz). Supporting electrolyte: 0.1 M tetra-n-butylammonium

hexafluorophosphate. Scan rate: 100 mV s™.
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Figure 4.2 Cyclic voltammogram of 0.6 mM H,dophen in dimethylsulphoxide
under 1 atm argon. Working electrode: glassy carbon (0.2 cm?).
Supporting electrolyte: 0.1 M tetra-n-butylammonium

hexafluorophosphate. Scan rate: 100 mV s
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Potential / V vs. Cp,Fe™

Cyclic voltammograms of 0.35 mM [Fe(dophen)(N-MeIm),]" under 1
atm argon (—) and in the presence of 3.0 mM of diethylamine (....) in
dimethylsulphoxide. ~ Working electrode: glassy carbon (0.2 cm?).
Supporting electrolyte: 0.1 M tetra-n-butylammonium

hexafluorophosphate. Scan rate: 100 mV s™.
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Potential / V vs. szFe”o

Cyclic voltammograms of 0.4 mM [Fe(dophen)(N-MeIm),]" (—) and in
the presence of 0.25 M pyridine (----) in dimethylsulphoxide under 1 atm
argon. Working electrode: glassy carbon (0.2 cm?®).  Supporting
electrolyte: 0.1 M tetra-n-butylammonium hexafluorophosphate. Scan

rate: 100 mV s™'.
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Figure 4.5
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Potential / V vs. Cp Fe

Cyclic voltammograms of 0.4 mM [Fe(dophen)(N-Melm),]" in
dimethylsulphoxide under 1 atm argon (—); under 1 atm CO (....).
Working electrode: glassy carbon (0.2 cm?). Supporting electrolyte: 0.1

M tetra-n-butylammonium hexafluorophosphate. Scan rate: 100 mV s™'.

129



The E;» of couple I and II are dependent on the concentration of 1-
methylimadizole in the solution whereas the E;» of couple II remains unchanged
(Figure 4.8). Increasing the concentration of 1-methylimadazole in the solution causes a
cathodic shift of the reduction waves I and II. The plot of the E, verses log[N-Melm]
for both couple I (Figure 4.9) and II (Figure 4.10) gave a straight line with a slope of -55
mV. The observation is consistent with the loss of N-MeIm during each reduction step

[67]:

Couple I : [Fe"(dophen)(N-Melm),;]" + ¢ « [Fe''(dophen)(N-Melm)] + N-Melm
Couple II: [Fe'(dophen)(N-Melm)] + ¢ < {Fe'(dophen)]” + N-Melm

Couple I1I : [Fe!(dophen)]” + ¢ = [Fe'(dophen)’1*
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‘igure 4.6 The reduction of [Fe(dophen)(N-Melm);]" in dimethylformamide as

monitored by thin-layer UV-visible spectroelectrochemistry. Spectra of
[Fe(dophen)(N-Melm),]" (—); after electrolysis at —1.75 V (----); after
electrolysis at —2.2 V (.-.-.-) and after electrolysis at —2.63 V (-..-..).

Supporting electrolyte: 0.1 M tetra-n-butylammonium

hexafluorophosphate.
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igure 4.7 The reduction of Hxdophen in dimethylformamide as monitored by thin-

layer UV-visible spectroelectrochemistry. The reduction potential was
stepped from —1.92 V to -2.05 V. Supporting electrolyte: 0.1 M tetra-n-

butylammonium hexafluorophosphate.
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Figure 4.8
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Potential / V vs. Cp,Fe™

Cyclic voltammograms of 0.4 mM [Fe(dophen)(N-Melm),]" (----) with
increasing amount of 1-methylimidazole (—) in dimethylsulphoxide
under .1 atm argon. Working electrode: glassy carbon (0.2 cm?).
Supporting electrolyte: 0.1 M tetra-n-butylammonium

hexafluorophosphate. Scan rate: 100 mV s
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Figure 4.9 A plot of the half-wave potential (E,,) for [Fem(dophen)(N-

Melm),]"/[Fe"(dophen)(N-MeIm)] with log[N-MeIm]
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4.3.2 Electrocatalytic reduction of CO,

Figure 4.11 shows the cyclic voltammograms of [Fe"'(dophen)(N-MeIm),]* in
DMSO under argon and CO; atmospheres. In the presence of CO;, the cathodic wave
of the Fe(I[)/Fe(I) couple is enhanced while the anodic wave is diminished. Constant
potential electrolysis at ~2.06 V vs. Cp;Fe*® in DMSO and DMF produced a mixture of
carbon monoxide, formate and oxalate. When bulk electrolysis experiment was
conducted in a DMSO-CO; saturated solution without electrocatalyst, no CO, HCQO"
and C,04> could be detected, this confirmed that no catalysis was taken place at -2.06

V vs. Cp>Fe™ in the absence of the electrocatalyst.

Savéant and co-workers reported that addition of Brénsted acid can enhance the
rate of electrocatalytic reduction of CO; by iron porphyrin [66]. Similar effect can also
be observed for the iron dophen complex. Figure 4.11 shows the cyclic voltammograms
of [Fe(dophen)(N-MeIm),}* in DMSO under CO; atmosphere and in the presence of the
weak Bronsted acid CF;CH;OH. The catalytic current rises sharply beyond. —2.0 V
indicating the presence of CF;CH;OH would enhance the catalytic activation of Fe(l)
complex towards CO; reduction. Enhancement in catalytic current can also be observed
for the weaker acid methanol but the magnitude is smaller (pK, of CF3;CH,OH and
CH;0H in DMSO = 23.6 and 29.0 respectively [168]). This is consistent with previous
study [66] that the synergistic efficiency of weak Bronsted acid is related to its acidity:
the lower the pK,, the higher the synergistic effect. The addition of H,O did not cause a
significant enhancement of the catalytic current for CO» reduction in the iron dophen
system but the precipitation of the complex. The addition of protonated alky! amine

salts such as Et;3NH'CY, on the other hand, caused an enhancement of the reduction
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current at the potential beyond the catalytic CO; reduction peak (Figure 4.12) which is

due to the catalytic reduction of the amine salt itself.

The results of constant potential electrolysis of CO, with iron catalyst at a
reticulated vitreous carbon as working electrode in the presence of different proton
sources are summarized in Table 4.1. The product distributions obtained from the bulk
electrolyses in DMSO and DMF are very similar. It is interesting to note that formate
was always produced in the absence and presence of alcohols. When anhydrous LiClO,
was used as supporting electrolyte instead of TBAH, the same relative amount of
formate was also afforded. Therefore, the origin bf proton source for the formation of
formate in the absence of alcohol could have originated from the solvent or traces of
water present in the electrolyte. From the results, it can be seen that the addition of
CF3CH;0H or CH;0H increases both the rate of catalysis and the relative amount of
carbon monoxide produced. However, the dominant product was always HCOO
although a small amount of C;0,> was also detected. When protonated alkyl amine
salts were added as the proton source, the major product was H, together with a small

amount of CO.
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Figure 4.11
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Cyclic voltammograms of 0.4 mM [Fe(dophen)(N-Melm);]” in
dimethylsulphoxide under 1 atm argon (—); under 1 atm CO; (----); and
in the presence of 0.319 M 2,2,2-triflucroethanol and under 1 atm CO-
(....). Working electrode: glassy carbon (0.2 cm?). Supporting
electrolyte: 0.1 M tetra-n-butylammonium hexafluorophosphate. Scan

rate: 100 mV s,
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Figure 4.12  Cyclic voltammograms of 0.4 mM [Fe(dophen)(N-Melm);])* in
dimethylsulphoxide under 1 atm CO, (—)and in the presence of 0.16 M
EtNH'Cl (—---). Working electrode: glassy carbon (0.2 cm®).
Supporting electrolyte: 0.1 M tetra-n-butylammonium

hexafluorophosphate. Scan rate: 100 mV s
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Table 4.1 A summary on the electrolysis of CQO; in the presence of [Fe(dophen)(IN-

Melm),]™
Solvent Proton Charge Current Current Current Current
source consumed  efficiency efficiency efficiency of efficiency
/C of CO of HCOO Cy0." of H,
produced/  produced/  produced/%  produced/
% % %
DMSO 3.29 18.5 67.2 9.8
(3.08)° (23.9)° (66.8)" (7.8)°
DMSO 1.23 M 10.47 29.5 65.4 2.9
CF;CH,OH
DMSO 1.23M 8.01 25.8 66.4 6.4
CH,;0H (5.90)° () (----)° () (40.6)°
DMSO 0.16 M 14.71 10.5 69.5
Me;NH'CI
DMSO 0.16M 13.31 9.8 78.5
MezNH;Cl'
DMSO 0.16 M 15.81 11.4 72.1
Et;NH'Cl
DMF 9.98 22.5 57.2 13.4
DMF 1.23M 7.63 29.8 51.5 10.6
CH;OH
DMF 1.23 M 8.73 31.2 52.6 8.5
CF,.CH,OH (7.83) (----) (----)° (----)" (47.6)°

®Amount of catalyst in solution = 1 x 10~ M; Time of electrolysis = 1h; Potential held: -

2.06 V vs. Cp;Fe™; Supporting electrolyte: TBAH (tetra-n-butylammonium

hexafluorophosphate)

PLiC10, was used as supporting electrolyte instead of TBAH

“Electrolysis was performed in N,-saturated DMSO

dIilectrolys;is was performed in N;-saturated DMF
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4.3.3 In-situ FTIR spectroelectrochemical studies

It has been shown that the electrochemical behavior of the iron dophen complex
and the products obtained from the bulk electrolysis experiments are very similar in
dimethylsulphoxide (DMSOQO) and dimethylformamide (DMF). DMSO was chosen as
the solvent in performing in-situ FTIR spectroelectrochemistry because DMF itself
absorbs strongly in 1600-1400 cm™ region of the infrared spectrum. However, the
choice of DMSO also hindered us from conducting low temperature
spectroelectrochemical experiments because DMSO sohdifies at 18°C. Figure 4.13
reveals a series of normalized time-resolved FTIR spectra from the glassy carbon
electrode immersed in CO;-saturated dimethylsulphoxide in the presence of
[Fe(dophen)(N-Melm),]" at 23°C in the region 3500-1750 cm™. The reference potential
(E1) and the working potential (E;) were held at —0.46 V and —2.16 V vs. Cp,Fe*®
respectively. Spectra collecte 1 at E; at different time intervals were normalized to the

reference spectrum taken at E;.

The results revealed an intense growth features at 3200-3000 cm™’. These bands
can be assigned to the absorption of the positively charged TBA" ions in the thin layer
(140, 169]. Positive reflectance at 2343 cm™ is caused by the consumption of CO;
duning the course of reduction. In addition, there is a weak increase in absorption

intensity at 2140 cm’' that is most suitably assigned to the presence of CO [4].

The spectroscopic results also showed species with absorption peaks at 1934 cm’
' and 1881 cm™ during the reduction process. This species was formed prior the

observation of the CO peak. The intensity of these bands became constant in the later
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course of the reduction which may be due to the steady formation and consumption of
this species. Previous studies reported by Christensen et al. [140] indicated that the
dicarbonyl species induced absorption at the same region. Thus, it is reasonable to
assign these features as caused by the presence of [Fe'(dophen’)COJ* or
[Fe'(dophen)(CO),)*". Moreover, negative band at 1328 cm™ can be attributed to the
formation of an iron formato species (Fe-OCOH) during the course of reduction (Figure
4.14). All the above assignments are supported by isotopic labeling using *CO, instead
of *CO,. Positive band at 2278 cm™ corresponding to >CO, was observed which is
caused by the consumption of BCo, during the reduction process. Bands due to ’CO
at 2110 cm™ and iron formato (Fe-O'>*COH) species at 1288 cm™ were also observed
(Figure 4.13b). When CF;CH,OH was added into the electrolyte (Figure 4.15), the
spectra also showed the bands caused by the presence of the iron carbonyl species (v =
1932 cm™, 1779 cm™) and the iron formato species (v = 1326 cm™). The intensity of
the band due to the presence the iron carbonyl species is larger than that in the absence
of CF;CH;OH. This may be due to the higher concentration of CO afforded in the

presence of CF3CH,;OH.

4.3.4 Discussions on the Mechanism

For the iron dophen complex, the reaction mechanism is complicated as a
mixture of CO, HCOO™ and C2042' was produced by electrolysis. This also precludes
the use of simple electrochemical kinetic models for mechanistic investigation. To date,

the formation of CO is generally accepted to occur via a M-n'-CO, intermediate [58,
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170]. The formation of M-n'-CO, complex is favored by an electron rich metal center

with back bonding from the metal to the n* orbital of CO, [171].

Scheme I

o
Fel + CO, == Fell__cl? -~ FelI—C/ «—» Fell C’?e
' \O' \\O Ny

Brénsted acids can stabilize the M-n '.co, complex by protonation or hydrogen
bonding with carbonyl oxygen [66]. Under such conditions, there is an intramolecular
charge transfer from the metal center to the CO; moiety. Protonation of the coordinated
CO; will facilitate the cleavage of one of the C-O (Scheme II} bonds leading to the
formation of a M-CO intermediate which will subsequentiy release the reduced as CO.
This is supported by the observation of bands assignable to the presence of iron-
carbonyl species in the time resolved FTIR spectra and that CO was formed at the

expense of the carbonyl complex.

Scheme 11
2HA /O———-H-—-A
[Fe(dophen)] + CO; Fe (dophen)= C\
O----H---A
/O" H--A
Fe(dophen)=C_ —  [Fe(dophen)COJ"™ + 2A" + H,O
O--H--A
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[Fe(dophen)CO]*+e +S —  [Fe(dophen)S]+ CO

where S is a solvent molecule

Early dissociation of the reduced CO; from the metal center would produce
CO," which can dirnerizé to give oxalate. This would occur more easily in the first row
transition metals which have much weaker metal-to-ligand back m bonding than the late
transition metals. Hence it is not surprised to obtain oxalate in the reduction of CO; by

[Fe(dophen)]”.

[Fe(dophen)(CO,)]" + S = [Fe(dophen)S] + CO,"™

2C0, " — C,0.5

As formate was always produced in the absence or presence of alcohols,
attempts were made to detect Fe-H species in the infrared spectrum. However, no signs
of Fe-H could be traced from the spectroscopic data at room temperature. The Fe-H
species is expected to be more reactive than Ru-H species; the late transition metal
hydrides are usually thermodynamically more stable than the early transition metal
hydrides [172]. Attempts to detect Fe-H or other reactive species at low temperatures
were limited by the high melting point of DMSO (mp 18.4°C) which caused the
electrolyte to solidify rapidly as the temperature was lowered. Since hydrogen was
produced by electrolysis at —2.0 V vs. Cp,Fe*® in the presence of weak Bronsted acids
under argon atmosphere and metal-hydride species are well known in the formation of
hydrogen gas [159, 173-175], it is likely that an iron-hydride species was formed during
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the course of CO; reduction in the presence of Bronsted acid. When alkyl amine salts
were added as proton sources to the electrolyte, a substantial amount of hydrogen was
produced. As our in-situ FTIR spectroelectrochemical study on the ruthenium carbonyl
catalysts in the presence of Et;NH'CI" indicated that a Ru-H species was produced, it is

possible that a similar mechanism is also involved in the formation of formate.

[Fe(dophen)]” + AH < [Fe(dophen)H] + A’
[Fe(dophen)H] + CO; = [Fe(dophen)(OCOH)]
[Fe(dophen)(OCOH)] + ¢" + S = [Fe(dophen)S] + HCOO"

[Fe(dophen)S] + € —> [Fe(dophen)]” + S
where S is a solvent molecule

If an Fe-H species is involved in the production of HCOO" in the Fe(dophen)
systern, then it appears that the iron system tends to form metal hydride kinetically
faster than the ruthenium systems we described in Chapter 3. This is evidenced by the
results of electrolysis in the presence of CF3CH,OH. Trifluoroethanol has a lower pK,
than H;0 in DMSQO and should be able to form hydrogen bonding with CO,. However,
the addition of 1.23 M CF;CH,OH to the electrolyte only enhénced the percentage of
CO production from 18.5 % to 29.5 %; formate was still. the major product of CO;
reduction. The E;;; of the Fe(II)/Fe(I) couple is more negative than the Ru(II)/Ru(I)
couple in [Ru(bdmpp)(bpy)COT*" but close to that of [Ru(tpm)(bpy)COJ*", thus the
metal center in both the Fe and the Ru systems are sufficiently electron nich to attack the
weakly eléctrophilic carbon in hydrogen-bonded CO,. One should note, however, that

we have used different solvent systems in the two studies due to the difference in
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solubility of the two classes of metal complexes. Hence it is not known whether the
DMSO or DMF solvent can promote the formation of metal-hydride species as the

proton source can be the solvent itself.
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A series of nommalized time resolved FTIR spectra in the region 3500-
1750 cm™ (8 ecm™ resolution, 100 scans) collected from a glassy carbon
electrode immersed in a solution of [Fe(dophen)(IN-Melm);]" (5 mM) in
COz-saturated DMSO at 23°C. E; = -046 V and E; = -2.16 V vs.

Cp2Fe*™. Supporting electrolyte: 0.1 M TBAH.
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Figure 4.13b A series of normalized time resolved FTIR spectra in the region 3000-
1750 ecm™ (8 em™' resolution, 100 scans) collected from a glassy carbon
electrode immersed in a solution of [Fe(dopﬁen)(N-MeIm)2]+ (5 mM) in
’CO;-saturated DMSO at 23°C. E; = -0.46 V and E, = -0.46 V vs.

Cp,Fe™. Supporting electrolyte: 0.1 M TBAH.
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Figure 4.14 A series of normalized time resolved FTIR spectra in the region 1360-
1200 em™ (8 cm™ resolution, 100 scans) collected from a glassy carbon
electrode immersed in a solution of [Fe(dophen)(N-Melm),]” (5 mM) in
CO;-saturated DMSO at 23°C. E; = -046 V and E; = -2.16 V vs.

CpzFe™. Supporting electrolyte: 0.1 M TBAH.
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A series of normalized time resolved FTIR spectra in the region 3500-
1750 cm™ (8 cm™ resolution, 100 scans) collected from a glassy carbon
electrode immersed in a solution of [Fe(dophen)(N-MeIm);]" (5 mM) in
CO;-saturated DMSO and in the presence of CF3;CH,0OH (1.23 M) at
23°C. E; = -0.46 V and E; = -2.16 V vs. Cp,Fe™. Supporting

electrolyte: 0.1 M TBAH.
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4.4 Conclusion

[Fe(dophen)(N-MeIm),]" is an active catalyst for the electroreduction of CO; to
carbon monoxide, formate and oxalate in DMSO and DMF. The rate of catalytic
reduction is enhanced by weak Bronsted acids such as 2,2,2-trifluoroethanol and
methanol. The presenc.e of weak Bronsted acid also increase the relative amount of CO
produced but the major product is still formate. In-situ FTIR studies revealed the
presence of an iron carbonyl and an iron formato species during the course of reduction.

The formation of CO and HCOO' probably occur via two different competing pathways
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Chapter 5

Conclusions



The recycling of carbon dioxide for fuels and chemicals is a goal which can only
be achieved with a thorough understanding of the catalytic processes, particularly
electrocatalysis whereby redox transformation can be interfaced with solar or nuclear
energy. In the studies so far, the reduction products in homogeneous catalytic reactions
have been limited mostly to the two-electron reduction products CO and HCOQ". It has

been proposed that the formation of CO and HCOO™ arise from different pathways.

In this project, we have investigated the electrochemical reduction of CO;
catalyzed by two ruthenium carbonyl complexes namely [Ru(bdmpp)(bpy)COJ** [1]
and [Ru(tpm)(bpy)CO]** [2] (bdmpp = 2,6°-bis(3,5-dimethylpyrazolyl)pyridine); tpm =
tris(1-pyrazoyl)methane; bpy = 2,2’-bipyridine). In the presence of complex [1] and 5.0
M H,O (pK, = 2.2-2.35) as proton source, the electrocatalytic reduction of CO;
produced exclusively CO with a current efficiency of 98%. In the presence of
EtNH'Cl (pK. = 16.8) selective production of formate could be achieved with a
current efficiency close to 90% catalyzed by compiexes [1]. For complex [2], only CO
was produced in the presence of H,O while 76% of formate could be afforded in the
presence of E;NH'CI. Our results revealed that product from electrolysis depends on

the acidity of the weak proton sources in the electrolyte.

In-situ FTIR spectroelectrochemistry was used to probe the different
mechanistic pathways that lead to the production of CO and HCOO™ respectively.
Bands assignable to the formation of the CO, adduct — [Ru(bdmpp)(bpy}CO2)]° (v =
1587 cm™, 1171 cm™) were observed duning the electrolysis in CO;-saturated
acetonitrile in the presence of H;O. On the contrary, the IR spectra of {1] during the

electrolysis in the presence of EtsNH'CI” revealed the presence of the Ru-H species but
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no sign of the CO, adduct. Furthermore, it was evidenced that ruthenium formato
species (v = 1377 cm™', 1580 cm™') was formed at the expense of the ruthenium hydrido
intermediate. Formation of HCOO™ could be observed by the growth in absorption
intensity at 1605 cm™. Similar results were also afforded when complex [2] was used as
electrocatalyst. On basis of the spectroscopic studies, mechanisms for the formation of
formate and carbon monoxide in thé electrocatalytic of CO» are proposed. We favored
the opinion that the formation of a metal-hydride gpecies followed by the insertion 6f

CO; into M-H bond is the key step for the formation of formate.

We have also studied the electrochemical reduction of CO; catalyzed | by
[Fe(dophen)(N-MeIm),]" [3]. Addition of weak Bréns;ed acids such as trifluoroethanol
or methanol enhance the rate of catalysis. When complex [3] was employed as the
electrocatalyst, a mixture of carbon monoxide, formate and oxalate was produced.
Monitoring the reduction process by in-situ FTIR spectroelectrochemistry showed the
existence of both an iron carbonyl and an iron formato intermediates. We proposed CO
was produced by successive protonation of the coordinated CO; by the Brénsted acids
followed by the cleavage of one C-O bond and subsequently release of CO from the
iron center of the iron carbonyl species. The homolytic cleavage of Fe-C bond of Fe-

n'-CO; will lead to the formation of CO,” which will then dimerize to yield oxalate.

Our| results showed that product selectivity could be adjusted by using di.fferent
proton sources in the ruthenium system. Highiy selective production of formate is
favored by weak éroton sources such as protonated alkyl amine that cannot form
hydrogen bonding with CO; in the electrolyte. Detailed spectroelectrochemical study

on the Fe(dophen) systems was limited by its poor solubility in CH3;CN. Based on the
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results obtained in DMSO, it seems that the formation of a very reactive Fe-H species is
kinetically fast. Hence formate was usually formed as the major product but hydrogen
gas can also be obtained depending on the proton source available. Our results also
revealed that no oxalate was formed during the electrolysis with the ruthenium complex
[1] and [2] as catalysts. This may due to the stronger carbenoid character of the Ru-CO,

than the Fe-CO, adduct, therefore suppressing the formation of free CO;" in the iron

system.

Our mechanistic investigations on the electrochemical reduction of CO,
catalyzed by complex [1], [2] and [3] indicate that CO is readily released from the
reduced metal center. In order to obtain reduction products beyond the stage of CO and
HCOQ, the highly reduced metal-carbonyl intermediate must be stable enough to allow
further protonation and reduction of the coordinated CO. One possible approach to
achieve this is to employ metal catalysts which can form stronger metal-carbon bonds,
i.e. the metal-carbonyl species should have a strong metal carbene character. This
implies that the use of late transition metal catalysts is a promising approach. Another
possible approach is to encapsulate the catalyst into a supporting matrix such as
polymer or zeolite. Under such circumstances the displacement of the coordinated CO
by solvent molecules is minimized and the metal-carbonyl intermediate should have a

longer lifetime for further reaction.
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