ELECTROCHEMICAL €O, REDUCTION

AFROZA BEGUM







065311

e te e

Az, Y
Q)
GarORIAL
£ NEwrounoL




Electrochemical CO, Reduction

by

© Afroza Begum

A thesis submitted to the School of Graduate Studies
‘ in partial fulfillment of the requirements for the

i degree of Doctor of Philosophy

Department of Chemistry
Memorial University of Newfoundland

April, 2011

St. John's Newfoundland



Abstract

Electrochemical methods for CO; reduction have been recei continuous attention for

the last few decades mainly for the conversion of CO; to fuels as an altemnative global
energy source and the inexpensive production of carboxylated products for industrial
applications. CO; is considered as a greenhouse gas, whose increasing concentration in
the atmosphere is a growing environmental concern. The main obstacle for the direct
electrochemical reduction of CO, is the requirements of very high negative standard
potential as high as -2.21 V' vs SCE. Several transition-metal based molecular catalysts,
for example, ruthenium polypyridyl complexes, were reported o convert CO; to fuels,
such as methanol, formic acid, oxalic acid, methane etc., at a lower cathodic potential. On
the other hand, electrocatalytic conversions of CO; using aromatic ketones were also

found to be useful in the syntheses of medicinally uscful materials, such as 2-

ic acids and ic acids (as anti-i drugs), agricultural
chemicals and perfumes. A number of monometallic and bimetallic ruthenium
benzimidazole and benzothiazole based polypyridyl complexes were synthesized in this
work that were found to be operate as electrocatalysts for CO; reduction at reasonable
cathodic potentials. These complexes were characterized by cyclic voltammetry (CV).

electronic absorption (UV-Vis) and emission, X-

 diffraction (XRD) techniques.

Electrolysis of the complexes was performed to reveal their electrocatalytic effect
on CO; reduction. Product analysis by high-performance liquid chromatography

(HPLC)Y/UV-Vis methods revealed that formate and oxalate are detectable in addition to



some other products. In this study, it was found that structural variations in the
electrocatalyst could influence the activity, however allbenzothiazole containing
complexes exhibited much higher activities than those of the corresponding

benzimidazole complexes. Formate and oxalate were produced and detected at

moderately low cathodic overpotentials for [{(bpy):Ru}a(pyathtz)]". is an

unprecedented result for benzothiazole complexes. In addition, the electrochemical
reduction of CO; by fluorenone-9-one was found to produce 9-hydroxyfluorene and 9-
hydroxyfluorene-9-carboxylic acid, in addition to formate and oxalate at a low cathodic

overpotential.
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Chapter 1

An introduction to electrochemical CO, reduction



1.1 Importance of CO, reduction

Our currently used global chemical energy sources are beginning to present serious
challenges as a result of long-term exploitation. The comprehensively-used chemical
energy sources, i.c., fossil fuels, are not sustainable resources and this urges us to break
our dependence on them. Our future energy sources could be renewable (wind,
hydroelectric, geothermal, solar, and biomass) and nuclear energy [1]. Nuclear energy is
expensive and produces hazardous and persistent environmental pollution. Renewable
energy seems insufficient for current global demand. Among the other alternatives, only
biomasses (¢.g., agricultural and forest products) produce fuels directly. However, for the
production of biofuels, a significant amount of food resources (e.g., com, sugar, erop oils
etc.)is being used up, which has partially led sharply increased food prices [2] as well as
environmental pollution (c.g.. COy) [3, 4].

Among the greenhouse gases, CO; concentrations are continuously increasing in
the atmosphere from various sources and is believed to be one of the major [S]
contributors for global warming. Combustion of any carbon-containing material (...
fossil fuels) releases carbon dioxide and water. Synthetic liquid hydrocarbon production,
which is done mainly by *syn-gas® processes, also generates huge amounts of CO; and
other byproducts. Additionally, electricity production (from fossil fucls), transportation,
industrial sectors, and fermentation plants (from EXOH production) are major sources for
te 10 the increase of atmospheric

CO; emissions [6]. In short, all of these factors contri

CO; levels, which are currently around 380 ppm [7]. Thus, processes that consume C(

are attractive, not only considering its continuous increase in the atmosphere, but also




considering the increasing utilization of carbon based energy sources [8)].

The continuous inerease in the atmospheric CO; concentration along with other
gases in air impacts not only global warming, but also environmental concerns such as air
pollution, acid rain, acidification of the oceans, deforestation, etc. It is a major challenge
for humankind to overcome these harmful effects. In order to limit CO; emissions into the
atmosphere, the “Kyoto agreement” and subsequent interational efforts should be

strctly implemented. In fact CO is the most important and naturally abundant source of

carbon available to mankind. Electrochemical reduction of CO, and  subsequent
conversion into fuels has been attracting enormous scientific attention and thus it has
grown into a vast field of rescarch over the last few decades. Nature uses CO; to produce

carbohydrates and oxygen by the process of photosynthesis. Scientists are now looking

for a type of “artificial leaf” that could efficiently produce a number of useful products

similar to nature’s photosynthetic processes. The ultimate goal of this kind of artificial

photosynthesis is to produce liquid fuels such as methanol and formic acid [9]. Thus, the
chemical and electrochemical recycling of CO, to carbon neutral fuels and useful
chemicals are expected to appear as a practical step, which would possibly be a feasible
and powerful new alternative to current energy sources.

Usually, the electrochemical reduction of CO; requires a high cathodic potential
ca. 221 V vs SCE. An effective electrocatalyst can reduce this potential substantially,
driving an clectrochemical reaction at less cathodic. potentials under mild and clean

conditions.




1.2 Electrocatalysis - kinetics

Equilibrium potentials vs NHE for the clectrochemical reduction of CO; to various

products are shown below in equations (2-6). It is clear from these equations that the
distribution of the reduction products has a strong influence on its thermodynamic
accessibility from CO2. As the number of participating protons and electrons increases,

the potential becomes less negative.

€Oz +€ = COy™ E®=-221V vs SCI
€O, +2H' +2¢ — HCOOH 061 V.
€O +2H' +2¢ = CO+H,0 053 V...

€O, +4H' +4¢ — HCHO +H:0 048V

€O +6H' + 66 — CH;OH + H:0 038V

=024V

€O, +8H' + 8¢ — CHy + H:0

An effective electrocatalyst can drive a reduction (or oxidation) reaction of a
substrate at modest potentials, highly efficiently, possibly close to the thermodynamic

rium potential (see Scheme 1.1). Thus, an electrochemical reaction can be

equi
favoured thermodynamically with substantial reaction kinetics towards the CO;
conversion 1o highly selective products. In addition, Savéant [10] opined that, in an
effective electrocatalytic process more than one reactant and one product would

partcipate by several bond breaking and bond forming processes, which in tum opens



o - Substrates
Electrode
K Keat
ne G Products
Vapplied ES(Cat™™)  E°(products/substrates)
Scheme 1.1: Electrocatalysis (homogencous catal; with an electron source.

Reproduced with permission from Chem. Soc. Rev. 2009, 38, 89 [11]. Copyright © 2009

“The Royal Society of Chemistry.

subsequent fast multilectron reaction pathways during an electron transfer reaction.

Therefore, an  electrochemical reaction can be favored ~thermodynamically and

getically in mult-cl harge transfer pathways t0 a fuel forming process (Eqs. 2,

According to Benson et al. [11], an electrocatalytic process (for the electro-
reduction of CO2) can be identified by comparing the cyclic voltammetry in the presence
and absence of CO;. In the presence of COy, the potential may shift with an increase in

the diffusion-li

ited current (can be a result of regeneration of catalysts) and generally
the anodic wave disappears (an indication of a chemical reaction between CO; and an
electrocatalyst). Also, the cyelic voltammogram will retum to its original appearance

after removal of CO; with Ny/Ar purge. All these things will be an indication of an
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Figure 1.1: Schematic representation of the various types of molecular catalysis of

electrochemical reactions. Reproduced with permission from Chem. Rev. 2008, 108, 2348

[10]. Copyright © 2008 American Chemical S

mechanism [12]. The additional supporting evidence can be revealed by performing

electrolysis and find out the electrocatalytic products with the regeneration of the
electrocatalyst itself.
An clectrocatalyst may function by a heterogeneous or homogeneous catalytic

ss where a catalyst can freely

process. In general, homogencous cataly:

is a proc

diffuse in the reaction medium along with the reactant. According to Savéant et al. [13],

in a homogencous system, transition metal electrocatalysts may perform either “redox” or

dox catalytic” process the redox reaction usually

“chemical” catalytic processes. In a

urs solely by an outersphere clectron transfer (fast) mechanism. Here the metal




complex acts as a mediator and transfers lectrons from the electrode to the substrate A

(see Figure 1.1) while maintaining its original coordination spheres. On the other hand, in
the “chemical catalytic™ process, a chemical reaction occurs between the electrocatalyst
(metal complex) and the substrate by an inner-sphere electron transfer mechanism. This
reaction involves both electron transfer and chemical reaction processes via the formation
of a very active intermediate catalyst-substrate [MC-A] complex. Usually, the chemical

step determines the selectivity for this kind of reaction mechanism.

1.3 Review of electrochemical CO, reduction

Electrochemical CO; reduction has been a field of paramount interest since the 20
century. In recent years, extensive rescarch in this ficld has further advanced, with
numerous reports published during the last two decades. Different metals, metal oxides,
metal alloys, nonmetals, metal complexes, polymers, and monomers along with some
organic functional groups such as esters and ketones have been studied as electrocatalysts
for CO; reductions.

Metal cathodes are heterogeneous catalysts that show selective product formation

together with suitable mechanical, chemical, and thermal stability. On the other hand,

transition metal complexes can be either homogeneous or heterogencous (c.g.,

immol onto an electrode surfice) catalysts with low operating potentials and
high selectivities [14-15). The use of metal complexes is advantageous over metal
cathodes [16] and organic electrocatalysts [15] because they operate under milder

conditions and have lower overpotentials for electrochemical CO; reduction. However,




metal complexes tend to have limited stabilites.

“The product distributions and the faradaic efficiencies of electrochemical CO;
reduction by different electrocatalysts can be influenced by several factors such as i) the
electrocatalyst, ii) the supporting electrolyte, iii) the solvent, iv) temperature, and v) the

applied potential/current of the electrolysis.

Table 1|

+ Faradaic efficiencies for hydrocarbon preparation on a copper electrode:
influence of solvent and supporting electrolyte [17). Reproduced from Journal of the

University of Chemical Technology and Metallurgy, 2007, 42, 4 [online).

Supporting salt, conditions Main products (faradaic efficiency, %)
KOi/aq €0 (98),
hydrocarbon:
Benzalkonium chioride CH, (42.5).
CHi 2.4)
Tetracthylammonium perchlorate | CaH (11.5)
C5OH (243 KyMeOI CH, (237-323),
s (8.
KHCO; (298 K), aq. CHy (16-17.8).
CoHy (12.7-14)
KHCO; (273 K). aq. CH (24.7),
CoHi (6.5)

Table 1.1 describes an example of how the faradaic efficiency and product
selectivity of the electrochemical reduction of CO; at a copper electrode can be affected
by the clectrolytes and solvents. It is seen that, in the presence of benzalkonium chloride,

the faradaic effi

cy for the formation of methane is 42.5%, whereas for ethylene it is



only 2.4% [17]. However, when the electrolysis was performed in the presence of CsOH

and at low temperature using methanol, the faradaic efficiency for ethylene formation can

be increased up to 32.3%, whereas the faradaic efficiency for the formation of methan
only 8.3%. The formation of methane can be increased if aqueous KHCO; is used at a
Tow temperature.

The most commonly reported products of electrochemical CO, reductions by
different electrocatalysts are HCOOH, CO, and HiC:04 (oxalic acid) along with

hydrocarbons, HCHO, and CH;OH. According to Wong at al. [16], CO might be an

important intermediate in the multi-step CO; reduction to hydrocarbons and could be a
precursor to various other chemicals. The other possible paths are via formation of CO;™,
COOH’ (ad) or, reduced CO,"(ad) species to a variety of other electrochemically reduced
€O, products [18]. In addition, the formation of oxalate dianion by reductive coupling of

CO; can be accomplished by a number of metals (e.g., He, and Pd) with a outersphere

electron transfer or by organic electrocatalysts (e.g., esters and ketones) via the formation

of anion radicals or by transition metal complexes in a inner-sphere electron transfer

processes [10,19]. Usually, a proton source is required to produce a formate anion,

1.3.1 Solubility of CO,

Solubility of CO is an important factor in the electrochemical reduction of CO. Usually
the solubility of CO; is much higher in non-agueous solvents than in aqueous systems

(see Table 1.2). It can be observed that, among the non-aqueous solvents, CO; has the




Table 1.2: Solubility of CO; in various solvents at | atm and 25 °C [17]. Reproduced
from Journal of the University of Chemical Technology and Metallurgy, 2007, 42, 4

[ontine].

Solvent Concentration (M)
Water 0.033

Methanol 0.06
Tetrahydrofuran (THF) 0.205%0.008
Acetonitrile (AN) 02750008
Dimethylformamide (DMF) | 0.199 + 0.006
Dimethylsulfoxide (DMSO) | 0.138 £ 0.003

highest solubility in acetonitrile. Acctonitrile can thus be considered as a good solvent for

C

. reduction. If the reaction is to be performed in water or methanol, it usually requires
high pressure of COy. The elevation of CO; pressure significantly enhances the solubility
0f CO; in H;0. For example, the solubility of CO; at 25 °C is around 0.034 mol L™ at 1
atm [20], which could be elevated 36-fold to 1.22 mol L™ at 50 atm. On the other hand,
for non-agueous solvent systems, the electrochemical reduction can be performed at

normal atmospheric pressure with good results.

1.3.2 Metal electrodes

Electrochemical CO; reduction has been performed by using a variety of metal

clectrocatalysts. Reaction conditions under aqueous media require continuous purging of



€O, due to the low solubility of CO, in water. During the electrochemical process. the
diffusion of CO; from the bulk 10 the electrode surface usually limits the current density.
Several approaches can be followed to avoid this limited mass transport by using either a
low operating reaction temperature, high-pressure [21], ultrasonic radiation [22] or gas
diffusion electrodes [23] all of which result in an increase of partial current densities for
CO; electroreduction.

According to Hori et al. [24], Cu s the best electrode for the production of
hydrocarbon based products such as, CH, and CHy along with EOH and PrOH under
aqueous conditions, while, CO was produced selectively by Au, Ag, Zn, Pd and Ga
electrodes. In addition, Pb, Hg, In, Sn, Cd, Tl and Bi electrodes can selectively produce
HCOO'. It is interesting that Zr, Cr, Rh, W, Co, Ir, Ni, Fe, Pt, and Ti electrodes did not
produce any reduction products under aqueous conditions and Hy formed as the only
product at 1 atm. However, at elevated pressure (ca. 30 atm) all these metal electrodes
selectively produced CO and HCOO". Although high pressurc improves the faradaic

efficiency for the formation of CO/HCOOH, product selecti

ty remained unchanged
Scheme 1.2 shows the reaction pathways for the formation of various products in the
electrochemical reduction of CO; under different reaction conditions.

‘The electrochemical reduction of CO; under non-aqueous conditions has been

performed using a variety of solvents, such as propylene carbonate (PC), acetonitrile
(ACN), dimethy! sulfoxide (DMSO), methanol (MeOH), dimethylformamide (DMF), and
tetrahydrofuran (THF). According to Haynes and Sawyer [26], electrochemical CO;

reduction at Hg and Au electrodes in DMSO can selectively produce HCOO' and CO as
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Scheme 1.2: Reaction pathways in electrochemical reduction of CO; under various
conditions. Reproduced from Bull. Chem. Soc. Jpn. 1987, 60, 2517 [25]. [Online]

Copyright © 1987 The Chemical Society of Japan.

the main catalytic products, whereas Tyssee et al. [27] reported the production of oxalate
(C20,%) in DMF at a Hg electrode. The electrochemical reduction of CO; on Pb and Hg
electrodes in DMF-H;0 was studied by Savéant and coworkers [28], where CO, HCOOH
and (COOH); were found as the electrocatalytic products. Ito and coworkers [25] studied
electrochemical CO; reduction in PC/0.1 M TEAP/H;O (300 ppm) for different metal
catalytic systems. For potentiostatic electrolysis at ~2.8 V vs Ag/AgCl, (COOH); was

found as the main product for Pb, Hg and Tl clectrodes, whereas for Cu, Ag, Au, Zn, In,




Sn, Ni, and Pt electrodes, CO was yielded selectively. On the other hand Fe, Cr, Mo, Pd,
and Cd electrodes produced both CO and (COOH); as the main products.

Some particular disadvantages to be noted here are that metal electrodes suffer
from corrosion and passivation, particularly during long term electrolysis, which limits
their use as electrocatalysts. Moreover, the product selectivity of a metal electrode is
often severely affected by the presence of extremely small amounts of *“ad-atoms” on the
surfuce. In addition to that, surface contamination sometimes results in unexpected

experimental results

133 Transition metal complexes
Electrochemical CO; reduction catalyzed by transition metal complexes have been

studied over the last 30 years for their excellent activitics and selectivities, which make

them good candidates to be used as [11). Transition metal compl
be incorporated with different metals e.g., Ni, Re, Pd, Co, Cu, Ru, Rh, and Ir and ligands
such as idi porphyrins, ines, and phosphines

[29-39). According to Sinchez-Sinchez et al. [40), square planar coordinated metal
complexes work well under aqueous conditions, whereas a non-aqueous solvent is well
suited for octahedral complexes. Mechanistically, for this kind of reaction, it is generally
believed that a vacant coordination site (very active intermediate) is generated on the
metal [18] during the CO; reduction, where CO; could bind and stimulate its activation
within the metal coordination sphere. Thus the reduction reaction is assumed to be

favored thermodynamically by creating an easy way to release products [10],




“There is a strong influence on changing the central metal andor the ligand for the
electrochemical CO; reduction by metal complexes. For example, CO s produced
selectively by Ni and Co macrocycles and Re, Ru and Rh pyridine complexes [41-46].
Alternatively, phthalocyanine, Co and Ni macrocycles, ruthenium bipyridine complexes
and iron-sulphur clusters [47-49) have been reported for the formation of HCO; ™ during
electroreduction of CO2. Based on these results, it scems that the ligation characteristics

as well as electron density on the metal are both essential parameters for the subsequent

formation of a CO; adduct and the nature of the product distribution. However, compared

10 the varicty of transition metal ions, there have been limited studies on the effect of

ligands on the electrocatalytic activity of transition metal complexes. Two predominantly

used polypyridyl ligands e.g., 2.2"bipyridine and 1,10-phenanthroline are of special
interest in this area because these ligands can play an impotant role in the electrochemical
and photochemical reduction of CO; by serving as electron “reservoirs™ [50] or,

“promoters” [51].

133.1  Metal complexes with macrocyclic ligands

Meshitsuka and coworkers (in 1974) were the first 10 report the electrochemical reduction
of CO; by a number of Co/Ni phthalocyanine complexes [52). Although they did not
elucidate any satisfactory results to support the mechanism for formation of the products,
or current efficiency or even the turnover number, this result opened the first window for
transition metal complexes as electrocatalysts for CO; reduction. After that, Eisenberg

and coworkers in 1980 reported some Co and Ni tetraaza-macrocyclic complexes with



xamples of some macroeyclic complexes. Reproduced with permission from

Figure |
Chem. Soc. Rev. 2009, 38, 89 [11]. Copyright © 2009 The Royal Society of Chemistry.

high current efficiencies and tumover numbers [53). These complexes were able to
reduce CO; to CO from the potentials -1.3 10 1.6 V' vs SCE with current efliciencies of
up 10 98%. However, they had low turover numbers. Figure 1.2 shows a few examples

of Niand Co lic complexes that have been used
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Figure 13: Example of electrocatalytic activity for a Ni cyclam®™ complex. Cyclic

voltammetry under (a) Ny and (b) CO, confirms the electrocatalytic activity of the

complex on Hg electrode. Reproduced with permission from J. Am. Chem. Soc. 1986,

108, 7461 [41]. Copyright © 1986, American Chemical Society.

Sauvage and others found CO as the main product at a potential of -0.86 V vs.
SCE for Ni'" cyclam complexes [see Figure 1.3] with faradaic efficiencies of up to 96%
even i the presence of water [41-42, 53-54]. Interestingly, it was found that complexes

activities

with open or unsaturated chains of similar moieties showed poor catalyti
relative 10 cyclic forms. Moreover, studies showed that the catalytic activities of these
complexes were dependent on their strong adsorption to the surface of the mercury

electrode [42, 55,



Figure 1.4: Cyelic of [

i(13-CNMe)(yis-1)(dppm)s][PFe] in 0.1 M
NaPFy/MeCN, initial voltammogram of a solution under Ny (solid); the same solution

after exposure to CO; (dotted) (3

. (Phenyl groups on P are omitted for clarity).
Reproduced with permission from Organometallics 1992, 11, 1986 [35]. Copyright ©

1992 American Chemical Society.

Among the other types of promising macrocyclic complexes, Kubiak et al. [11]
reported a Ni complex. [Nis(s-CNMe)(us-1)(dppm)s [PFs] (dppm = bis(diphenyl-

phosphino)methane) [see Figure 1.4] that provided a high activity in CO; reduction.

1332 Metal complexes with bipyridynes (bpy) and CO ligands
[Re(bpy)(CO)Cl] and [Ru(bpy)(CO)X]™ (X=CO, Cl H : n =2 or 1) [44] are two
importantexamples in this category and have been reported to be very successful

electrocatalysts for the production of CO and HCOO". During the electrochemical CO;
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Scheme 1.3: Proposed mechanism for the Tanaka catalyst. Reproduced with permission

from Organometallics 1987, 6, 181 [56]. Copyright © 1987 American Chemical S

ety.

reduction, these complexes showed exceptional stabilities, high efficiencies and
reactivities. Among the ruthenium polypyridyl complexes, [Ru(bpy):(CO)J** and
[Ru(bpy)(CO)CI]" [45, 48] have been studied most extensively. It was reported that, these
complexes undergo reductive cleavage to form [Ru(bpy):(CO)]* which reacts with CO;
to afford products and reform the original complex.

Scheme 1.3 illustrates the possible mechanism for the formation of products

during electrochemical reduction of CO; by [Ru(bpy):(CO)J** and [Ru(bpy)(CO)CI]' as



proposed by Tanaka et al. [45, 48, 56-57). According to the authors, upon electrolysis

under CO; in the presence of aqueous DMF (10 vol. % H.0) at a potential of 1.3 to -1.5
V (vs SCE), both complexes were able to produce CO, H; and HCOO'. However, in the
presence of anhydrous DMF, both complexes readily decomposed under similar reaction
conditions. In spite of having low tmover numbers and low selectivities, these
complexes have been used to reveal several of the key intermediates in course of the
reduction of CO;.

The mechanism proceeded through formation of an unstable five-coordinate

neutral complex of [Ru(bpy):(CO)]" via two-electron reduction of both of the complexes

with the loss of CO/CT (see Scheme 1.3). Additionally, [(bpy):Ru(CO)XCOOH)] (a key
intermediate in the formation of HCOOH) was produced upon two-clectron reduction
under acidic conditions with the regeneration of the five-coordinate [Ru(bpy):(CO)]'.

Surprisingly, when aqueous acetonitrile was used as a solvent instead of DMF, the

electrocatalytic reduction of CO; with [Ru(bpy)2(CORF* (8] produced a polymeri
electroactive film [{Ru(bpy)(CO)z},] during exhaustive electrolysis at -1.45 V. This film
is believed to have formed during the two-clectron reduction from the [Ru(bpy):(CO):J**
ion via the dechelation of one bpy ligand.

On the other hand, in the DMF/H:O (9:1) system, when the complex

[Re(bpyX(CO)CI] [43] was electrolyzed at -1.5 V vs SCE, CO; was electrochemically
reduced to produce CO with a faradaic yield of 98% and several hundred tunover

numbers. Aceording 1o these reports, a five-coordinate complex of [Re(bpy)(CO)CI]

was produced by an initial one-electron reduction via loss of a CO ligand (instead of CI
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[Re(bpy)(CO);CI]. Reproduced with permi:

[67). Copyright © 1989 published by Elsevier Science B.V.

ion as with Tanaka’s catalysts [45]), and thus was able to coordinate with CO; efficiently
and thereby stimulated its reduction. It was mentioned that, to increase the efficiency and
sclectivity of the system, an excess of CI" ion as coordinating anion as well as the
presence of water are both important factors [$9-61].

Additionally, [Re(bpy)(CO);Cl] was the first reported catalyst for photochemical
CO; reduction [64 a]. Irradiation at 400 nm (MLCT band) caused this complex t0 reduce

CO; and produce CO in the presence of an organic electron donor, which is oxidized
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Scheme 1.5: Possible mechanism for the formation of products during electrochemical

Reproduced with permission from Chem. Rev.

€O, reduction by [Ru(bpy)(terpy)(CO)

2008, 108, 2348 [10]. Copyright © 2008, American Chemical Society

du

2 the process. High quantum yields (up to 14%) were observed in the presence of
I ion. The rhenium complex was reported to act simultancously as a photoactive species

and as a precursor to the catalytic centre in this photocatalytic process. Detailed studies



on the possible mechanism have been published by a number of research groups (54, 62-

66] and the proposed mechanism is shown in Scheme 1.4. As our main interest here is on

CO; reduction, the reductions are not discussed in detail

and discussions are limited solely to electrochemical methods.

Electrocatalyst [Ru(bpy)(terpy}(CO)J** [65, 67-68] showed attractive results for

the production of higher carbon number products via electrochemical CO; reduction. In a
C2HSOH:H:0 (8:2) system at -20 °C with electrolysis at -1.75 V vs Ag/Ag’, this complex
produced OHCCO:H (glyoxylic acid) and HOCH:CO:H (glycolic acid) in addition to
€O, HCO;H, HCHO, and CH;OH [see Scheme 1.5). It is interesting that electrolysis of
this complex at room temperature produced only CO, HCO:H, Hz, and traces of CHyOH
as the electrocatalytic products. The formation of [Ru(bpy)(terpy)(CHO)]" was believed
10 be the key step for the production of these multi-electron reduction products

According to their report, low temperature could be a factor for the possible

formation of four- and six-electron products, which in turn could be related to the

formation of a stable M-CO adduct and its subsequent conversion to products [sec

Scheme 1.5]. In addition, the nature of the catalyst could be the another possibility for the
formation of these multi-electron products, because of the fact that a similar complex

Ru(bpy)(CO): did not produce the above mentioned products under same experimental
conditions (same medium, temperature). These results suggest that in order to accomplish

a multi-clectron transfer reduction, the reductive cleavage of the Ru-CO bond should be

suppressed.
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Scheme 1.6: Mechanism for metallacyclization on electrochemical reduction of CO; by
[Ru(bpy)(napy):(CO).J*". Reproduced with permission from Angew. Chem., 2005, 117,

2269 [74]. Copyright © 2005 Wiley-VCH Verlag GmbH & Co. KGaA.

“The introduction of a ine (napy) ligand in SON

[69-74] shows evidence of the production of a stable Ru-CO bond by forming a five-
membered ring [sce Scheme 1.6] and thus creates a possible new pathway for CO
expulsion towards products. The formation of this “electroinduced metallacyclization™
‘would possibly suppress the reductive cleavage of the Ru-CO bond and thereby influence
the selective formation of ketone in the presence of a methylating agent. Electrochemical
reduction of CO; by this complex selectively produced acetone via the formation of a Ru-
COCH; complex upon two-clectron reduction in DMSO in the presence of (CH3)JNBF4
(CH3)iN* was believed 10 act as a methylating agent here and the current efficiency was
found to be increased up to 70% at 100 °C. Thus, the use of the napy ligand as an
electron reservoir also led to an excellent performance for the CO; reduction.

On the other hand, Meyer and coworkers have found that cis-[Rh(bpy):X] " (X is

Clor OTY) were able to reduce CO; at -1.55 V vs SCE to produce formic acid as the main



product with faradaic efficiencies of up to 64% [75]. However, for the [M(bpy)s(CO)H]"
(M = Os, Ru) system, the faradaic efficiency for formate production was only 25% (under

“wet” conditions) and in anhydrous conditions, CO was the major product [76).

1333 Ru complexes with bpy ligands
Very few electrocatalysts have been found under the criteria of Ru complexes with bpy
ligands. Electrochemical reduction by [Ru(bpy)sL™" (where, L = bpy or 2- pyridyl-1-
‘methyl benzimidazole) did not produce any appreciable activity (in the CV in CH;CN)
towards CO; reduction. According to Tanaka et al. [77], these complexes are not able to
reduce CO, under controlled potential electrolyses in CH;CN (both aqueous and

anhyderous conditions) even at -1.80 V.
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Scheme 1.7: Structures of some of Tanaka's electrocatalysts. Reproduced with
permission from Dalion Trans. 2000, 3649 [78]. Copyright © 2000 Royal Society of

Chemistry.
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Figure 1.5 Cyclic voltammogram of [{Ru(tbbpy):}(bibzim)|[PFe]: in acetonitrile
under an Ar atmosphere (upper) and under a CO; (lower) atmosphere. Reproduced with
permission from Dalion Trans. 2000, 3649 [78]. Copyright © 2000 Royal Society of

Chemistry.

In contrast, electrochemical reduction of CO; by [Ru(Habibzim)(tbbpy):Cl:

H0 (Hbibzim = bibenzimidazole; tbbpy = 4.4'di-tert-butyl-

bipyridine) [78] [see
Scheme 1.7) produced CO (1-2%) and oxalate (up to 10%), while the deprotonated
complex, [Ru(bibzim)(tbbpy):J:2H:0, produced oxalate with a current efficiency of

43% and some CO (1-

%) as well. The possible mechanism for catalytic activity of this
complex was not clarified. However, it was reported that the protonated complex showed

lower activiti d 10 that of thy see Figure 1.5),




Figure 1.6: IR spectra of [RuL-(napy-x*N,;N")(dmso)}(PFe); under controlled potential
electrolysis in CHiCN ((a) and (b)) or CDCN (a): (a) The potential was swept from

-0.95 10 -1.44 V; (b) The potential was swept from -1.44 10 -0.95 V (vs Fe/Fc’). *denotes
CHICN peaks. Reproduced with permission from J. Org. Chem. 2005, 690, 4272 [79].

Copyright © 2005 published by Elsevier Science B.V.

Tanaka and coworkers first reported that the complex [RuL

N")(dmso)|(PFe)s, (where, L= N"-methyl-4'methylthio-2, “terpyridinium) s
useful for the direct observation of Ru-CO complex formation by the electrochemical
reduction of a CO-free ruthenium complex in a CO-saturated solution [79). In the
presence of CO,, upon electrolysis at -1.44 V vs Fe/Fc” in CHiCN, this complex was
found to form Ru-(n'-CO;) and Ru-CO complexes, as observed by in-situ IR

spectroscopy. On the other hand, clectrolysis at -1.55 V vs Fo/Fe’ in DMFO.1 M

Me:NBF, selectively produced CO (current efficiency of 35%) with a small amount of

HCO,H (2%) at room temperature.
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Scheme 1.8: Possible mechanism for formation of Ru-(n'-C0;) and Ru-CO complexes
by [RuL-(napy-NN")dmso)|(PFe): in CO-saturated solution. Reproduced with
permission from /. Organomet. Chem. 2005, 690, 4272 [79). Copyright © 2005

published by Elsevier Science B.V.

According 1o the report, upon controlled potential electrolysis at -1.44 V (vs
Fe/Fc'), this complex produced two important IR bands at 1873 and 1942 cm' mainly
due 10 v(C=0) for the formation of a Ru-CO complex (see Figure 1.6). These bands were
found to be shifted to 1956 and 2027 cm™" respectively upon reoxidation at -0.95 V vs
Fe/Fe' which would indicate that species E or F (sce Scheme 1.8) were generated at a

potential of -1.44 V. Two possible routes for the formation of E: and F are shown in
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Figure 1.7: Structures and cyclic voltammograms of [(bpy):Ru(dmbbbpy)]|[PFel; and
[{(bpy):Ru}2(dmbbbpy)][PFels (0.3 mM) in 0.1 M BusNBFy/MeCN at a glassy carbon

electrode, under Ny (——) and CO; (--=) (scan rate = 50 mV/s). Reproduced with

permission from Chem. Commun. 1998, 249 [77). Copyright © 1998 Royal Society of

Chemistry.

Scheme 1.8. However, two reversible ligand-based redox couples at -2.0 V. for this
complex confirms an intact DMSO ligand with the Ru centre and it was concluded that
the dechelation of napy would be the favorable pathway for the formation of these
complexes (E or F).

Tanaka et al. (7] reported that electrochemical CO; reduction by

e [see Figure 1.7)

el and [{(by

(dmbbbpy = 2,2"-bis(1-methylbenzimidazol-2-yl)-4.4'-bipyridine) can  selectively

produce formate and oxalate as the main products as well as a negligible amount of CO.



Figure 1.8: IR spectra of [(bpy):Ru(dmbbbpy)][PFel> (0.8 mM) during thin-cell bulk
electrolysis in CD;CN with LiBF; (a) starting scans, (b) using CO;, (c) using ’CO;.
Reproduced with permission from Chem. Commun.1998, 249 [77]. Copyright © 1998

Royal Society of Chemistry.

“The faradaic efficiency for the formation of formate for the monometallic complex was
reported 1o be around 89% (electrolysis potential at -1.65 V vs Ag/AEC) with a trace
amount of CO (2-3%) under aqueous conditions. On the other hand, oxalate was
produced with a faradaic cfficiency of up to 64% under “dry” conditions. Whereas, for
the bimetallic ruthenium comples, formate was produced with a faradaic efficiency of up
10 90% (clectrolysis potential at -1.55 V vs A@/AgCl) under aqueous conditions and
oxalate was produced with a faradaic efficiency of up to 70% under “dry” conditions.

The reactions described above were monitored by in-si

IR spectroscopy [sec



Figure 1.8] in order t0 reveal the electrocatalytic pathways of formation of products. The
reductive electrolysis of [(bpy):Ru(dmbbbpy)][PFe]; at -1.65 V vs Ag/AgCl produced
three bands at 1684, 1633 and 1603 cm” [see Figure 1.8 (b)] in COy-saturated CD;CN
solution. The 1633 cm' band was assigned to C20,* which remained unchanged upon
reoxidation at -0.70 V and under similar electrolysis conditions using "’CO; [see Figure
1.8 (). Thus, the authors proposed that dechelation of dmbbbpy ligand was a possible
way to generate oxalate rather than by dimerization of free CO;" [77]. In the process of
two-clectron reduction of both complexes, a five-coordinate Ru centre could be formed

and create reaction sites for CO; 1o attack at the Ru centre. The monodentate dmbbbpy™

could then possibly provide two binding sites for an attack of CO; and allow a coupling
reaction of CO; to oxalate. However, the faradaic efficiencies for the formation of C:0.*
and HCO;™ by both complexes depend upon the presence and absence of water in

acetonitrile.

1.4 Ruthenium chemistry

The chemistry of ruthenium complexes has received continuous attention for many
decades due 1o its excellent electron transfer properties. It has an extensive range of
‘oxidation states (-2 10 +8), which are clectrochemically accessible and thus offer their use:
as redox active reagents in various chemical reactions [80]. Ruthenium complexes with
polypyridyl ligands have been frequently used in electron and energy-transfer reactions,
especially  electrochemical energy conversion 1o fuels (e.g. through CO;

us molecular electronic device applications (e.g.. charge

electroreduction), in  var




separation devices for photochemical solar energy conversion), and information storage

devices [81]. Considering these important applications, species (e

igands) that control
photophysical properties and redox behaviour are of particular interest to the materials
chemists. That is why a rational design of ligands that would impart desired properties
such as absorption energies and redox potentials to the complexes is very important.
“Transition metal complexes with multiple metal centres are important to facilitate

multi-electron transfer that would essentially produce highly reduced species [82]. The

special interest in ruthenium polypyridyl based complexes, including bimetal
complexes here s that some of these complexes are able to effectively catalyze the
electrochemical CO; reduction [77-78]. It is very interesting to use bimetallic complexes
o0 attempt to produce HCOOH or CO via concerted two-electron processes. In order to
better understand the mechanisms of the CO; electoreduction catalyzed by bimetallic

ruthenium polypyridy! complexes, it is important here to discuss the effect of ligands and

clectronic interactions between the metal centres.

1.4.1 Bi Ru and

Mixed-valent metal complexes with various bridging ligands have been of special interest
for various molecular designs (¢.g.. molecular electronic deviees) since the early 1990s.
Bridging ligands within polymetallic Ru complexes have important effects in mediating

the electronic communication and delocalization between metal centers.



(@) (b) (©

Figure 1.9: Overlap between: (a) a o-donor bond of a ligand and the d.* or d.*.,* orbital of
a metal and (b) x-donation from a ligand’s & orbital to a duy, de: or dy- orbital of the metal
(©) back donation or back bonding from a metal to a ligand via overlap of a metal based
Ay, iz or dy: orbital and a ligand x* orbital. Reproduced with permission from Coord

Chem. Rev. 2006, 250, 1653 [85]. Copyright © 2006 published by Elsevier Science B.V.

In the case of a #-acceptor ligand, it has filled x and empty x* orbitals. Bonding
with metals (ts¢) for this type of ligand is usually “synergic”, that is, upon o-donation to
the metal, electron density on the metal increased [see Figure 1.9], which allows
increased n-back donation from metal to the ligand [83]. On the other hand, electron
density on the metal decreases upon 7-back donation and permits more o-donation from
the ligand to the metal (increased electron density on metal). In addition to this, a 2-donor
ligand has a filled orbital with x symmetry and lies in lower energy level than the
partially filled metal’s d orbital. Pyridine, pyrazine, and pyrimidines are the example of
some known 7-acceptor ligands for their low-lying * LUMO orbitals, whereas

imidazole ligands are better n-donors and poor -acceptors [84]. The importance of these
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Figure 1.10: Terminal coordinating and intervening fragments for bimetallic ruthenium
complexes. Reproduced with permission from /norg. Chem. 1996, 35, 3335 [84].

Copyright © 1996 American Chemical Society

ligands s that the appropriate combination (see Figure 1.10) of them could control the

metal-metal distance and/or the donor/acceptor propert

imetallic/polymetallic metal complexes

There are some important factors required for the formation of mixed-valence
bimetallic complexes, such as electronic interaction between mixed-valence states, the
electron transport processes between metal centers, and the stability of the mixed-valence
state. Haga et al. [84] reported that electronic coupling between acceptor-donor metal

centers, solvent polarities and the free energy of the reaction are important parameters



acceptor

dunm
5t L

dr-orbital dr-orbital
B -
dn-orbital

dr-orl

HOMO(bridge)

Figure 1.11: Mechanisms for electron transfer between metal sites in bimetallic

complexes. Reproduced with permission from ... Organomet. Chem. 2008, 693, 793 [86],

Copyright © 2008 published by Elsevier Science B.V.

which can influence the intramolecular electron transfer in mixed-valence metal

ible electronic interactions between

complexes. Figure 1.1 describes two types of pos

metal centres in bimetallic metal complexes. For example, during the intramolecular

electron transport processes, the first pathway [path A] the dr-dx_interaction between

two metal c ectron transfer processes. On the other hand, the

te

is by an outersphere ¢

second pathway [path B], where the electron transfer occurs through the bridging ligand,
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Figure 1.12: (a) LUMO and (b) HOMO bridging ligand assisted superexchange.
Reproduced with permission from Coord. Chem. Rev. 2006, 250, 1653 [85). Copyright ©

2006 Published by Elsevier Science B.V.

is known as a superexchange pathway. According to Pickup et al. [87], during the
superexchange processes, both relative energy levels (metal dx's and ligands /s
orbitals) and the absolute energy gap between the metal and the bridging ligands orbitals
are important factors that influence the leading pathway of a superexchange process.
Figure 1.12 represents HOMO and LUMO type superexchange processes. In the electron
type superexchange mechanism, the electron transfer occurs via the LUMO =* orbital

(low energy) of the bridging ligand to Ru dx orbitals. On the other hand, for the hole type



superexchange, the positive charge (hole) is transfered through the HOMO 7 orbital
(higher energy) of the bridging ligand to Ru dx_orbitals. Thus, increasing the bridging
ligand's HOMO energy usually favors the hole type superexchange by creating a stronger
interaction with the Ru d orbitals than for the LUMO x* orbital [88]. Ruzic et al. [89]
have proposed a general theory for this type of multistep charge transfer at electrodes.

The stability of the intervalence state of the bimetallic complex might be affected
by clectron delocalization and superexchange interactions (both electron and hole) [90]
and could be determined from the comproportionation constant (K.) [Equations 7-10]. A
bimetallic complex with equivalent redox sites and AE*, = 0, the value of K. should be
ca. 4 and usually indicates an unstable intervalence state [90-91]. A different scenario
oceurs when two metal centers interact electrostatically and/or through delocalization: the
value of K. increases and a stable intervalence state emerges. K. can be related to the
thermodynamic parameters and ts value can be calculated from electrochemical data as

shown in equations 9 and 10.

R+ R"R oy 2R

M5 ML S LM ®
MM
(It
)
[Red][0x]

= expl(AEo/mV)/25.69) (10) (at 298 K; AEqy = > — E*))




1.4.2 Review of a number of bimetallic Ru complexes

Since a number of ruthenium based polypyridy! bimetallic complexes were studicd in this
thesis work (as clectrocatalysts), it is important and relevant here to discuss the
‘mechanism of clectron transport system proposed for each system. The first series of
bimetallic complexes used here s composed of pyrazine-bridged systems. In 1969, the

first pyrazine-bridged mixed-val complex, [ 1", known as the

“Creutz-Taube™ ion (CT ion) was reported [see Figure 1.13]. In fact, this is a well studied
model bimetallic complex for the investigation of electron transfer processes and metal-

metal interactions [92]

5

riu\X NH; NH; NH,]
Nn7l| —'N\ /N7Ru NHy
NHy NHy NH; l"‘

Figure 1.13: The Creutz-Taube ion [91].

The CT ion has the ges

cral propertics of u large separation between the two

oxidation states (AE° = 360 mV) with K, = 107, and an intervalence charge transfer state
absorption band at around 1570 nm [85]. Due to the large value of AE* and low lying *

LUMO encrgy for the pyrazine-bridge system, the electronic interaction between the two



metal centers follows a LUMO type superexchange pathway. Changing the peripheral

ligands has an effect on the metal-metal interaction (by perturbation of interuclear
interaction in the Ru(ll) Ru(Il) state). For example, if one of the NH; ligands of the CT
ion is replaced by H;O there is a small shift in the IT band (1530 nm), while replacement
of NH; by CI' (1450 nm) or a pyrazine ligand (1160 nm) causes a significant shifl of the
IT band to the higher energy region. A shift of the IT band to even higher energy is
caused if the substitution of monodentate “NH;” groups occurs with CI* (960 nm), NO
(790 nm) and CHiCN (750 nm) [93]. Another CT ion analogue, [{(bpy):CIM} (-

pyrazine)l** (M = Ru, Os) was reported by Meyer and coworkers [94]. The degree of

electron delocalization for this metal complex was smaller with a value of AE* = 120 mV
and the IT band was at 1300 nm. Both of the complexes show poor stability of the fully

oxidized species with ition [95). The similar [{(bpy):C} imidine) ",

‘which exhibited AE® = 120 mV with the IT band at about 1360 nm, also shows inst;

ofthe fully oxidized species followed by decomposition [96].

When the bridging pyrazine unit of the CT ion was modified by 2.3- or 2,5
substituents of the pyrazine-bridging units, the groud state properties of the CT ion were
found to change. For example, [{(bpy):Ru}2(2.3-dpp)]** and [{(bpy):Ru}(2.5-dpp)]**
[dpp = bis(2-pyridyl)pyrazine] are two important derivatives of pyrazine type ligands and
have been studied extensively for intercomponent interactions of the redox states of the
bridging ligand. Both 2,3-dpp and 2,5-dpp bridging ligands produce strong -acceptor

ligand characteristics [97). A LUMO based superexchange mechanism is proposed for




25-dpp.

Figure 1.14: Cyclic voltammograms for a 0.5 mM [{(bpy):Ru}x(2.3-dpp)]“and
[{(bpy)2Ru}>(2,5-dpp)]**, 0.05 M ELNBF/DMF solutions. Working electrode Pt; T = -
54°C; scan rate 0.1 V/s. Reproduced with permission from J. Am. Chem. Soc. 1999, 121,

10081 [97]. Copyright ©1999 American Chemical Society.

these pyrazine-bridged. ruthenium-based polypyridyl complexes, similar to the Creutz—
Taube ion (98], Figure 1.14 illustrates the cyelic voltammetry for [{(bpy):Ru}s(2.3-
dpp)]"* and [ {(bpy):Ru}2(2,5-dpp)]"". It was suggested that the first two reduction peaks
are due to the LUMO of the bridging ligand and the 3" and 4™ peaks are due to the
sequential reduction of two bpy ligands of each metal center.

Another series of bimetallic and polymetallic ruthenium complexes bridged by
imidazole/benzimidazole ligands have received considerable attention due 1o the
possibility of using them in molecular electronic devices, electrocatalysts, etc. Numerous

studies have been conducted in this field by Haga ctal. [77, 81, 84, 9] [sce Figure 1.15].

Asimi imi ining ligands are poor d good -donors,




Cﬂﬁ*{)

71bbhpy“1 " ©: W ]©
7N O K
44 H,
Q—(ﬁ ‘bbbpyH,
H

/*OCE@@U@

bpbimH,
dmbbbpy

Figure 1.15: Examples of some imidazole/benzimidazole based ligands for bimetal

ruthenium complexes from Haga’s papers 77, 81].

because of having imino N-H proton, they have the ability to control orbital energies by
proton transfer. When a benzimidazole unit s coordinated to a metal ion, the imino N-H
proton of the imidazole ring becomes more acidic and can be easily removed. Usually
deprotonation of the intervening groups in the Ru bimetallic complex causes an increase
in the Ru-Ru interaction for the mixed-valence Ru"-Ru" state (see Figure 1.16). Upon

protonation/deprotonation of these complexes, large changes of molecular orbital

energies oceur, particularly for the HOMO and LUMO energies.
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Figure 1.16: A molecular switching device: proton transfer acts as a trigger signal
Reproduced with permission from /norg. Chem. 1991, 30, 3843 [81]. Copyright ©1991

American Chemical Society.

1.5 Objectives of the thesis work
The main aim of this PhD rescarch was the development of a novel catalytic system that

can effectively reduce CO; and produce important chemicals that could be eventually

used as fuels for alternative energy sources or non-fossil chemicals. Benzimidazole and
benzothiazole-based monometallic and bimetallic ruthenium complexes were employed
here 1o explore ligand effects on electrochemical CO; reduction. The effects of the

extended 7 conjugation,  different  substituents (S, Me, H) on the




benzimidazole/benzothiazole ligands and the donor or acceptor (c, ) properties of the
ligands were also investigated for effective CO; reduction under electrochemical
conditions.

“The long term goal of this work is the development of an effective electrocatalyst

that can reduce CO;at low positive potentials such as at -1.0 V vs SCE or even better that
could generate useful fuels/chemicals such as, McOH and HCOOH. Direct methanol fuel
cells have already been well developed and direct formic acid fuel cells are currently

under development in Canada by Tekion. Electrochemical CO; reduction has huge

potential benefits for the production of liquid fuels, and more importantly by

consumption of a greenhouse gas. In short the use of ruthenium polypyridyl complexes as
catalysts for electrochemical CO; reduction have several advantages:

1. Ruthenium polypyridyl complexes of benzothiazole and benzimidazole ligands

(L) exhibit reversible electrochemistry under No. which in the presence of CO,

might change (e.g.. in cyclic voltammetry) and could provide valuable

information on CO; activation processes.

2. Use of different substituents on the ligands with the same metal (Ru) centres and
observation of different activities for electrochemical CO; reduction will help in
determining the mechanistic pathways of the electrocatalytic processes.

3. Ruthenium polypyridyl complexes are well-known  electrocatalysts for  the
effective formation of formic acid and methanol, along with a number of other
products, during electrochemical CO reduction [10].

4. Among the different types of Ru based polypyridyl complexes, very few



[Ru(L)(bpy):J*"/[{(bpy):Ru}z(L)]** type molecular catalysts have been studied as

clectrocatalysts for CO; reductions. o studying the  structure-activity-
relationships (S-A-R) of these types of complexes with a variety of organic
ligands could pave the way for a so-called “magic™ electrocatalyst for CO;
reduction.
Organic ketones have also been exploited to reduce CO;. For this purpose fluorene-9-one
has been chosen as one of the model compounds i this study. The main aims of this part
of the project were -
) To investigate the electrochemical reduction of FI in the presence of CO;
b) To indentify products and elucidate subsequent mechanisms.

©) To investigate and quantify (faradaic efficiency) the products formed in the

electrolysis of Fl under CO»
d)  To investigate the effect of water on product distributions.
An overview and introduction of the electrochemical reduction of CO; by aliphatic and

aromatic ketones is given in detail in Chapter 5



Chapter 2
Synthesis and characterization of some monometallic

and bimetallic ruthenium polypyridyl complexes



2.1 Instrumentation and starting materials

and benzimidazole-based i and bimetallic ruthenium
polypyridyl complexes have been designed and synthesized to be used as electrocatalysts
for CO; reduction. The ligands were synthesized by a general acid-catalyzed
condensation reaction between a series of phenylenediamine derivatives and
pyridine/pyrazine carboxylic acids. Finally, the metal complexes were synthesized by
refiing the ligands with the Ru(bpy):Cl: in aqueous ethanol/ethylene glycol. All the
ligands and metal complexes were characterized by spectroscopic techniques including
FTIR and 'H NMR. Some of the structures of metal complexes were also confirmed by
Xeray crystallography and are discussed in section 2.4,
Infrared spectra were obtained on a Bruker TENSOR 27 infrared spectrometer.

This instrument has a spectral range of 7500 to 370 em™. Infrared quality KBr (The

Harshaw Chemical Co. Cleveland, Ohio) was used for making KBr disks for all of the

compounds reported in this chapter. Spectra are reported as wavenumber (cm”) and

appearence (br = broad, ery strong, w = weak)

strong, vs

Mass LCMSD

spectra were obtained with an Agilent 1100 sei

chromatographic system equipped with an Atmospheric Pressure lonization-Mass
Spectrometer (API-MS). The MS can perform cither electrospray (ESI) or atmospheric
pressure chemical fonization (APCI) and positive or negative ions can be acquired. Both

ESI-MS and APCI-MS analyses were performed with HPLC grade acetonitrile (Aldrich).

Molecular ions and fragment ions are reported as m/z (molecular ion peak) at a
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fragmentation voltage of 70 eV. MALDI TOF MS analyses were carried out at the
Genomics and Proteomics (GaP) Facility, Memorial University. As a matrix, a-cyano-4-
hydroxycinnamic acid (10 mg/mL) in H;O was used together with cach metal complex (1

mg/mL) in CHiCN.

"H NMR spectra were obtained using a Bruker Avance 500 instrument equiped
with an inverse detect ion gradient probe at 500 MHz and a Tecmag Apolo 300 MHz
instrument, Acetonitrile-d; (Aldrich, 99.99 atom % D) and trifluoroacetic acid-d (Aldrich,
99.50 atom % D) were used as NMR solvents. Chemical shifts were reported in ppm
relative to TMS, caleulated by using the solvent peak for both CDICN (5 = 1.93 ppm)

and TFA-d (8 = 11.5 ppm) as internal standards. For all spectra, peaks are reported as

(ppm). multplicity (s = singlet, d = doublet, dd = doublet of doublets,
ddd = doublet of doublet of doublets, dt = doublet of triplets, t = triplet, m = multiplet)
and relative integration ratio. Coupling constants are reported in Hz. Data processing was

accomplished with the MestReNova software package.

Elemental analyses for the complexes were performed by Canadian

Microanalytical Services, 207-8116 Alexander Road, RR # 7, Delta, BC, V4G 1G7.

X-Ray crystal structure determination and data workup for metal complexes was

performed by Dr. Louise N. Dawe, C-CART, Memorial University.

Starting materials, such as acid (PPA), 2.

acid (for ligands) and Ru(bpy);Clz2H:0 (for metal complexcs) were prepared according




1o the methods reported by Dr. Colin Cameron [100]. For purification of metal

complexes, size exclusion chromatography was performed using Sephadex™ LH-20

(Sigma Aldri

2.2 Preparation of ligands

221 1-Methyl-2-(pyridin-2-yl)-1H. imi [Me-pybim]

Picolinic acid (0.61 g. 5.0 mmol), N-methyl-1.2-phenylenediamine (0.61 g. 5.0 mmol)
and PPA (7.0 g) were heated and stirred together under N; at 160 °C for 8 h. The
resulting viscous, reddish solution was cooled and poured into 200 mL. deionized water
and stirred. The purple solution was then neutralized by adding Na;CO; and the product
was extracted into diethyl ether. The organic phase was dried with anhydrous MgSOx and
evaporation of the solvent gave dark brown crystals (1.09 g, 95%) of 1-methyl-2-
(pyridin-2-y))-1H-benzo[d]imidazole. FTIR (KBr cm): 3443 (br), 3047 (5), 2947 (w),
1891 (s), 1613 (s), 1590 (s), 1565 (s), 1471 (s), 1447 (s), 1424 (s), 1383 (s). 1278 (w),
1090 (w), 1068 (w). 796 (v5). 742 (vs). 'H NMR (500 MHz, CD,CN) 6 8.74 (d. J/ = 4.0

Hz, 1H), 8.35 (d,J = 8.0 Hz, 1H), 7.95 (1. J = 6.9 Hz, 1H), 7.75 (d, J = 7.9 Hz, 1H), 7.57



(d, /= 8.1 Hz, 1H), 7.50 ~ 743 (m, 1H), 7.38 (1, /= 7.6 Hz, 1H), 7.32 (&, = 7.6 Hz, 1H),

4.27 (s, 3H). APCI-MS (positive mode) m/z calculated for Cy3H;Ns, 209.2; found, 210.1

(M),

222 2,5-Bis(1-methyl-1H-benzo[dfimidazol-2-yl)pyrazine

[Mey-pzbbim]

oty
N =N N
-0
CH,

2,5-Pyrazinedicaboxylic acid (1.04 g, 6.20 mmol) and N-methyl-12-phenylencdiamine
(156 g, 12.8 mmol) were added to 28.0 g PPA at room temperature. The reaction was
then warmed to 115 °C under N and stirred for 24 h. P05 (3.4 g, 2.0 mmol) was added
and the reaction was stirred at 140 °C for a further 72 h. Dilution of the resulting red
solution with 150 mL of deionzed water produced a large quantity of green solid. The
product 2,5-bis(1-methyl-1H-benzo[d]imidazol-2-yl)pyrazine was collected as a green
powder by suction filtration and dried under vacuum (1.63 g, 110%). FTIR (KBr cm”):
3442 (br), 3064 (w), 2952 (w), 1723 (m), 1614 (m), 1587 (s), 1535 (s), 1476 (), 1446 (s),
1425 (s), 1408 (m), 1384 (m), 1357 (s), 1335 (m), 1284 (s), 1255 (s), 1179 (s), 1006 (s).

930 (m), 902 (m), 816 (s), 742 (vs). "H NMR (500 MHz, TFA-d) § 9.84 (s, 2H), 8.02 (d, /



= 8.3 Hz, 2H), 798 (d. J = 6.7 Hz, 2H), 7.94 — 7.87 (m, 4H), 4.60 (s, 6H). APCI-MS

116Ns, 240.38; found, 241.20 (M+1)*

(positive mode) m/z calculated for Cx

223 33-dimethyl-2,2'di(pyridin-2-y1)-5.,6"-bi(3H-benzold]

imidazole) [Me,-py,bbim]

iaminobenzidine (2.1 g, 1.0 mmol) were added

Picolinic acid (2.5 g, 2.0 mmol) and 3.
1028 ¢ PPA and stirred under Naat 175 °C for 7 h. The reaction mixture was then poured
into 700 mL of H;0 and stirred vigorously for 1 h which produced a yellow powder that

was filtered and washed with 100 mL of dilute aqueous NaHCO;. The solid was

i(3H-benzo[d]-

from w0 give

imidazole as yellow erystals [83] (1.52 g, 40%). 'H NMR (300 MHz, TFA-d) ) § 9.25 (d,

J=5.4 Hz, 2H), 9.03 (d, J = 8.0 Hz, 2H), 8.94 (1, J = 8.0 Hz, 2H), 8.45 - 8.37 (m, 2H),

8.32 (s, 2H), 8.20 (s, 4H). APCI-MS (positive mode) m/z calculated for CyqH;oNe. 388.4;
found, 389.2 (M+1)".

For methylation 101, 102] of 22'-di(pyridin-2-yl)-5,6'-bi(3H-benzo[d]imidazole,



CHyl (0.71 g, 5.0 mmol) and NaOH (0.20 g, 5.0 mmol) in water (1.0 mL) were added

dropwise and simultancously o a stirred ice-cold solution o

i(pyridin-2-y1)-5.6'-
bi(3H-benzo[dJimidazole (0.97 g 2.5 mmol) in MeOH (6.0 mL). The solution was
refluxed for 30 min and cooled to room temperature. A portion of 25 ml. deionized water
was added to the reaction mixture and the product was extracted into CHCIs. The solution
was dried over MgSO; and filtered. CHCI; was removed under reduced pressure to
produce a yellow residue. The residue was re-dissolved in boiling petroleum ether (60-80
“C), treated with activated charcoal, filtered and then the petroleum cther was removed

under reduced pressure. Concentrated HCI (10 M, 3.0 mL) was then added and the

required product, 3.3'-dimethyl-2,2"-di(pyridin-2-y1)-5.6'-bi(3H-benzo[dJimidazole), was
obtained as pale yellow crystals (0.24 g, 32%) following neutralization with NaOH and
extraction into dicthyl ether. FTIR (KBr cm™): 3444 (br), 2925 (w), 2853 (w), 1719 (m).
1620 (m), 1590 (s), 1542 (s), 1471 (5), 1446 (5), 1424 (s), 1408 (m), 1384 (5). 1284 (W),
1072 (w), 1042 (w), 794 (5). 'H NMR (500 MHz, CD,CN) § 8.79 ~ 8.71 (m, 2H), 8.42
837 (m, 2H), 8.1 - 8.07 (m, 1H), 8.0~ 7.95 (m, 2H), 7.93 = 7.90 (m, 1H), 7.83 (1, / = 8.0

Hz, 1H), 7.80 = 7.74 (m, 1H), 7.74 = 7.69 (m, 1H), 7.69 - 7.63 (m, 1H), 7.51 = 745 (m,

2H), 4.36 (d, J = 6.3 Hz, 3H), 4.32 (&, J = 1.9 Hz, 3H). APCI-MS (positive mode) m/z

calculated for CagHxoNe, 416.2; found, 417.2 (M +1)".



224 2-(Pyridin-2-yDbenzo[d]thiazole [pybtz]

L~
e

This preparation is based on Colin Cameron’s PhD thesis [100] with some modifications.
Picolinic acid (0.66 g. 5.4 mmol) and 2-aminothiophenol (0.66 g, 5.3 mmol) were added
together to PPA (18 g) at 120 °C. The reaction was stirred under Ny for 20 h at 160 °C.
The mixture was cooled, added to water (400 mL) and neutralized slowly with NaOH,
resulting as a pale yellow colored solid. The solid was recrystallized from McOH to yield
2-(pyridin-2-ybenzo[d]thiazole as pale yellow crystals (1.0 g, 90%). FTIR (KBr em™):
3405 (5), 1725 (s), 1661 (s), 1584 (s), 1565 (5), 1510 (5), 1456 (5), 1433 (5). 1316 (5),
1293 (w), 1088 (w), 1042 (w), 783 (s). 740."H NMR (500 MHz, CD;CN) § 8.69 (d, J =
4.8 Hz, 1H), 8.38 — 8.33 (m, 1H), 8.07 (t, J = 8.0 Hz, 2H), 7.97 (1d, J = 7.7, 1.7 Hz, H),
7.59 — 7.55 (m, 1H), 7.54 — 7.47 (m, 2H). APCI-MS (positive mode) m/z calculated for

CiHaN;S, 212.3; found, 213.1 (M+1)".



225 2,6-Bis(2-pyridyl)-2.2':6.2"-thiazolo[4,5-d]-benzothiazole

[pyatbiz] [103]

2,5-Diamino-1,4-benzenedithiol dihydrochloride (128 g, 5.30 mmol) was degassed at

130 °C under a stream of N; to effect dehydrochlorination which was completed through

2. Picolinic acid (1.38 g,

repeated cycles of evacuating the flask and flushing it with
11.2 mmol) was added at 120 °C and heated at 160 °C for 24 h. The solid was poured into
200 mL H;0 and the resulting yellow precipitate was collected. The precipitate was
neutralized with dilute aq. NaHCO; and the resulting tan product was collected by
suction filtration and then dried under vacuum (1.92 g, 106%). FTIR (KBr em/No): 3444
(br), 3050 (s), 2959 (w), 2927 (w), 1732 (m), 1684 (m), 1650 (s), 1584 (s), 1529 (s), 1456
(s), 1436 (s), 1399 (s), 1384 (s), 1317 (s), 1290 (s), 1275 (), 1246 (s), 1092 (w), 997 (s).
980 (s), 884 (vs). 'H NMR (500 MHz, TFA-d) 5 9.10 (d, J = 5.6 Hz, 2H), 9.05 (s, 2H),
891 (t, J = 7.9 Hz, 2H), 8.69 (d, J = 8.0 Hz, 2H), 834 - 828 (m, 2H). APCI-MS

¢ mode) mz calculated for CisH10NiS:, 346.4; found, 347.1 (M+1)".




226 2,5-Di(benzo|d]ihiazol-2-yl)pyrazine [pzbbtz]

2-Aminothiophenol (2.90 g, 23.2 mmol) and 2,5-pyrazinedicarboxylic acid (1.81 g, 10.8
mmol) were stirred in PPA (28 g) under N, for 72 h at 165 °C. A further 6.1 g of P2Os
was added o the reaction mixture during this time to compensate for water of
condensation. The dark green slurry was cooled and poured into 400 mL. H:0, and the
resulting yellow precipitate was collected, stirred vigorously in methanol and again with
dilute agueous NaOH (during the course of which the precipitate became green). A large
quantity of green solid was collected by suction filtration to give 2,5-di(benzo[d]ihiazol-
2-yl)pyrazine which was finally dried under vacuum (4.03 g, 108%). FTIR (KBr cm”):
3444 (br), 3058 (w), 1717 (m), 1617 (m), 1553 (s), 1523 (s), 1492 (s), 1451 (s), 1384 (s),
1359 (w), 1310 (s), 1250 (s), 1198 (s), 1176 (s), 1074 (s), 1030 (s), 979 (vs), 765 (vs). H
NMR (500 MHz, TFA-d) § 9.8 (s, 2H), 8.44-8.39 (m, 4H), 8.11 (1, /= 7.8 Hz, 2H), 8.04
(1, J = 7.7 Hz, 2H). APCI-MS (positive mode) m/z calculated for CisHioNiS:, 346.4;

found, 347.1 (M+1)".




227 2,5-Bis(l-methyl-1H-benzo[dimidazol-2-yDpyridine

[Mey-pybbim]

o ory
CL~0<10
N N / N

N-Methyl-1,2-phenylenediamine (0.61 g, 5.0 mmol) was added to 32 g PPA at 120 °C

cid (043 g

under Na. The temperature was raised to 175 °C and 2,5-pyridinedicarbosy
2.5 mmol) was added slowly over 5 d. When approximately one-half of the reagent had

been added, more P2Os (1.4 g, 10 mmol) was added to compensate for the water of

condensation. Following addition of all the diacid. the reaction was allowed to stir for a
further 2 d. The reaction mixture was then poured into 150 mL H;0 and stirred for 8 h
giving a fine yellow solid, which was collected by suction filtration. This was stirred
overnight in 200 mL of NaOH (0.5 M), and then filtered again to give a yellow solid.
Finally the product was recrystallyzed from CHCI as yellow crystals (039 g, 45%).
FTIR (KBr em™): 3444 (br), 3060 (), 2929 (w), 1717 (m), 1620 (m), 1598 (m), 1593

(m). 1458 (s), 1429 (s), 1384 (s). 1326 (vs), 1279 (5). 1072 (w). 743 (vs). 'H NMR (500

MHz, CD;CN) §9.23 - 9.10 (m, 1H), 8.53 (1, / = 8.1 Hz, 1H), 8.37 (ddd, J = 8.0,4.7, 2.1
Hz, 1H), 7.82 = 7.76 (m, 2H), 7.64 - 7.57 (m, 2H), 7.40 (ddd, J = 7.3, 3.3, 1.4 Hz, 2H),

7.35 (1, J = 7.1 Hz, 2H), 435 (s, 3H), 3.98 (s, 3H). APCI-MS (positive mode) m/z



caleulated for CoiHy)Ns, 339.39; found, 340.1 (M +1)".

23 Preparation of complexes

23.1 [Ru(Me-pybim)(bpy),](CIO,),

Me
!

RU(CI0,);

1-Methyl-2-(pyridin-2-y1)- 1 H-benzofdJimidazole (Me-pybim) (0.0196 g, 0.0938 mmol)
and Ru(bpy)Cl>-2H;0 (0.0572 g, 0.109 mmol) were refluxed in 80% ethanol (50 mL)

for 24 h. After 24 h, the red solution was cooled and evaporated in a rotary evaporator

uniil dry. The red solid was then dissolved in deionized water (10 mL). A concentrated

solution of NaClO; was added dropwise, resulting in a red precipitate. The precipitate
was collected and dried under vacuum. The complex was purified by size-exclusion
chromatography using Sephadex™ LH-20 (1:1 acetonitrile: methanol) and eluted as a

single band (0.064 g, 84%). FTIR (KBr cm™!): 3420 (br), 3069 (w), 1972 (s), 1699 (m).

1651 (5), 1091 (vs), 765 (vs), 625 (vs). 'H NMR (500 MHz, CD;CN) § 8.59 (d, /= 8.2

Hz, 1H), 8.54 — 8.48 (m, 3H), 8.42 (d,J = 8.1 Hz, 1H), 8.14 — 8.06 (m, 2H), 8.06 - 8.00



(m, 2H), 7.97 (1d, J = 8.1, 1.3 Hz, 1H), 7.91 (d, /= 5.6 Hz, 1H), 7.81 (1, J = 4.7 Hz, 2H),
7.78 = 7.71 (m, 3H), 7.47 - 735 (m, 5H) 7.34 = 7.30 (m, 1H), 7.05 (1, / = 8.1 Hz, 1H),
5.79 (d, J = 84 Hz, 1H), 4.36 (s, 3H). "C NMR (126 MHz, CDCN) § 157.56, 157.34,
156.76, 156.66, 152.72, 152.16, 151.97, 151.84, 151.53, 150.90, 149.05, 140.04, 137.45,
13738, 137.25, 137.13, 13691, 13666, 127.27, 127.21, 127.07, 126.90, 126,84, 125.63,
125.17, 124,62, 124.00, 123.84, 123.75, 123,43, 115.30, 111.89, 32.85. Anal. Caled for

Ca3HN04ClRu-3H20: € 45.27%; H 3.80%; N 11.20%. Found: € 45.50%; H 3.60%; N

10.85%. ESI-MS (positive mode) m/z calculated for CssHaN;O«CliRu, 821.6; found,

722.0 (M-CIOy)".

2.3.2 Ru(pybtz)(bpy)|(ClO,)

2(Pyridin-2-y)benzo[djthiazole  (pybtz)  (0.0199 g 0.0938 mmol) and
Ru(bpy)2Clz2H:0 (0.0572 g. 0.108 mmol) were refluxed in 80% ethanol (50 L) for 24
h. The red solution was then cooled to room temperature and fitered. The filtered

solution was then evaporated in a rotary evaporator until dry. The red solid was diluted



with deionized water and filered. A saturated solution of NaClO, was added drop-wise to

the filtrate, resulting in a red precipitate. The precipitate was collected and dried under

vacuum. The complex was purified by size exclusion chromatography using Sephadex™
LH-20 (1:1) acetonitrile:methanol. From the two bands, the dark orange fraction was
separated and used for further studies (0.35 g, 96%). FTIR (KBr em’): 3424 (br), 3074
(W), 2009 (5), 1603 (m), 1563 (s), 1464 (5), 1444 (5). 1423 (s), 1325 (5), 1243 (s). 1091
(¥8), 764 (vs), 729 (vs), 623 (vs). 'H NMR (500 MHz, CD;CN) § 8.59 - 8.54 (m, 4H),
8.48 (d, J = 8.1 Hz, 1H), 823 (d, J = 8.2 Hz, 1H), 820 - 8.16 (m, 1H), 8.16 - 8.13 (m,
1H), 8.10 (ddd, J = 9.4, 6.0, 1.3 Hz, 2H), 8.04 (1, J = 8.0, 13 Hz, 1H), 795 (d. J = 5.6
Haz, 1H), 7.87 (d,J = 5.6 Hz, 1H), 7.7 (d. J = 5.6 Hz, 1H), 7.72 (dd, J = 8.5, 5.6 Hz, 2H).
7.63 - 7.58 (m, 1H), 7.51 (dtd, J = 6.8, 5.6, 1.2 Hz, 2H), 7.43 (dud, J = 6.9, 5.6, 1.1 Hz,
2H), 741 - 7.36 (m, 1H), 7.30 (ddd, J = 8.4, 7.4, 1.0 Hz, 1H), 6.34 (d, J = 8.5 Hz,
1H).°C NMR (126 MHz, CD,CN) & 167.24, 158.07, 157.85, 157.36, 157.33, 153.72,
153.43, 15283, 152.59, 15247, 152.30, 151.81, 138.72, 13859, 138.37, 138.26, 134,61,
129.09, 128.80, 128.67, 12825, 128.21, 128.19, 128.15, 127.03, 124.92, 124.90, 12485,

124.58, 124.48, 120.28. MALDI TOF MS m/z calculated for Cs;

SCLOsRu, 824.6;

found, 625.08 (M-2C10,)"



233 [Ru(Mex-pybbim)(bpy).|(CIO4),

2,5-Bis(1-methyl-1 H-benzo|d]imidazol-2-yl)pyri

e (Me:-pybbim) (0.0318 g, 0.0938
mmol) and Ru(bpy):Cl22H;0 (0.0572 g, 0.108 mmol) were refluxed together in §0%
ethanol (50 mL) for 24 h. The red solution was cooled to room temperature, filtered and

ized

evaporated in a rotary evaporator until dry. The red precipitate was diluted with dei
water (10 mL) and filtered again. NaClO; was added dropwise to the filtrate resulting in a
reddish orange precipitate. The red solid was collected and dried under vacuum and used

FTIR (KBr em™): 3385 (br), 3060

directly without further purification (0.071 g, 80%

(W), 2926 (w), 1968 (5), 1602 (m), 1463 (s). 1384 (s), 1145 (s), 1116 (vs). 1088 (vs), 767
(v8), 625 (). "H NMR (500 MHz, CDiCN) & 8.76 (d. J = 8.6 Hz, 1H), 8.59 - 8.51 (m,

4H), 847 (d, J = 8.1 Hz, 1H), 823 (d,

= 1.4 Hz, 1H), 8.19 - 8.14 (m, 1H), 8.09 (1d, J =
9.1, 1.3 Hz, 2H), 8.05 — 8.00 (m, 1H), 7.96 (d, J = 5.5 Hz, 2H), 7.89 (d, J = 5.4 Hz, 1H),
7.84 (d, J = 5.2 Hz, 1H), 7.80 (d, J = 8.4 Hz, 1H), 7.68 (d, J = 8.0 Hz, 1H), 7.54 - 747

(m, 3H), 7.47 = 742 (m, 2H), 7.42 = 7.37 (m, 2H), 7.36 - 7.30 (m, 1H), 7.12 (L J = 7.7



Hz, 1H), 5.87 (d, J = 8.4 Hz, 1H), 445 (s, 3H), 3.64 (s, 3H). "C NMR (126 MHz,
CDJCN) 5157.43, 156.70, 156.64, 152.34, 152.08, 152.02, 151.69, 149.14, 140.22,
137.64, 137.50, 137.35, 137.09, 13686, 136.62, 127.43, 127.30, 126.99, 124.73, 124.09,
123.61, 123.50, 122.68, 119.18, 115.44, 112.02, 110.37, 3291, 31.29. Anal. Caled for

CaHyNgOCLRU2H;0: € 49.85%; H 3.78%; N 12.76%. Found: C 49.75%; H 3.74%; N

12.37%. MALDI TOF MS mz calculated for Cy;H3sNoOsCl:Ru, 951.74; found, 752.19

(M-2CI0)".

2.3.4 [{(bpy):Ru}2(Me;-pzbbim)](CIO)s

bim) (0.0615 g, 0.181

mmol) and Ru(bpy):C

2H;0 (0.1908 g, 0.366 mmol) were refluxed in ethylene glycol

(30 mL) at 250 °C for 24 h. The resulting solution turned green during this time.

is was.

then poured into 150 mL. deionized water and an excess of NaClO, was added to give a




green precipitate. This was collected by suction filtration and washed well with deionized

water and dried under vacuum. The monometallic (red) and bimetallic (green) complexes
were separated by size exclusion chromatography (Sephadex™ LH-20) using (1:1)
methanol:acetonitrile (0.26 g, 65%). FTIR (KBr em™): 3415 (br), 3072 (w), 2002 (s),
1602 (m), 1559 (5), 1515 (s). 1465 (5), 1445 (s), 1422 (5), 1087 (vs), 762 (v5), 727 (vs),
622 (vs). 'H NMR (500 MHz, CD;CN) 5 8.65 (dd, J = 8.8, 4.6 Hz, 3H), 8.6 - 8.56 (m,
3H), 8.53 (s, IH), 8.48 (1, J = 3.7 Hz, 2H), 8.4 (d, J = 8.2 Hz, 1H), 8.38 (d, /= 5.3 Hz,
1H), 821 (1, J = 7.2 Hz, 5H), 8.11 - 8.06 (m, 2H), 7.99 (1, J = 6.0 Hz, 2H), 7.92 - 7.83
(m, 4H), 7.80 (d, J = 5.5 Hz, 1H), 7.70 ~ 7.61 (m, 4H), 7.60 ~ 7.49 (m, 7H), 7.32 - 7.28
(m, 1H), 7.27 = 7.23 (m, IH), 7.13 (1, J = 7.8 Hz, 2H), 5.93 (d, J = 8.5 Hz, 1H), 5.91 -
5.8 (m, 1H), 3.75 (s, 6H). "C NMR (126 MHz, CD,CN) § 15759, 157.47, 15691,
15684, 156.54, 156.46, 155.89, 155,74, 153.74, 153.23, 153.12, 15268, 152.52, 152.38,
151,53, 151.42, 148.48, 148.41, 146.81, 146,75, 145.97, 140.14, 138.38, 138.17, 138.15,
137.99, 137.97, 137.94, 137.68, 136.84, 136,82, 127.83, 127.81, 127.60, 127.56, 127.53,
12677, 12675, 125.41, 124.69, 124.57, 124.44, 124.29, 123.93, 123,47, 11551, 112,00,
3184, 31.80. Anal. Caled for CooHuNiiOiCLRu:3H:0: € 44.51%; H 3.36%; N

alculated for

12.11%. Found: C 44.49%; H 3.46%; N 12.01%. MALDI TOF MS
CooHasN1401CLiRuy, 1565.07; found, 1465.06 (M-CIO4) 5 1365.11 (M-2CI04+H)';

1265.12 (M-3CIOg+ H)'3 1166.21 (M-4CIOf+H) .

60



2.3.5 [{(bpy).Ru}x(pzbbtz)|(CIO4);

=z SN” SNENE
o \//"‘
\RU‘CloA)I

( 7

2,5-Di(benzo[d]thiazol-2-y)pyrazine  (pzbbtz) (0.031 g, 0.090 mmol) and

Ru(bpy):Cli-2H:0 (0.097 g, 0.19 mmol) were refluxed in ethylene glycol (30 mL) at 250
°C for 24 h. The resulting solution turned green during this time, which was poured into

150 mL deionized water and then filtered. Addition of an excess of NaClO; resulted in a

te, which was collected by suction filtration, washed well with deionized

green precip
water and dried under vacuum. This complex produced two bands during the
chromatographic separations (size exclusion) with Sephadex™ LH-20 using (1:1)
methanol:acetonitrile. The monometallic (red) and bimetallic (green) complexcs were
separated and the bimetallic fraction was used for further study (0.091 g, 65%). FTIR
(KBrem™): 3419 (br), 3072 (w), 1734 (m), 1699 (5). 1651 (5),1603 (5) 1504 (s) 1145 (s),
1116 (v5).1088 (vs), 763 (vs),623 (vs). "H NMR (500 MHz, CD;CN) & 8.67 (d, J = 7.9

Hz, 3H), 8.60 (1, J = 9.3 Hz, 3H), 8.50 (d, J = 8.0 Hz, 1H), 8.46 (d, J = 7.9 Hz, 2H), 8.31



~8.17 (m, 8H), 8.13 (1, J = 7.8 Hz, 2H), 8.09 (d, J = 5.3 Hz, 2H), 8.05 - 8.01 (m, 2H),

7.91(d, J = 5.0 Hz, 1H), 7.83 = 7.78 (m, 4H), 7.71 (s, 2H), 7.62 - 7.54 (m, 6H), 7.53 (d, /
= 5.8 Hz, 2H), 7.3 (s, 3H), 7.23 (&, J = 6.6 Hz, 1H). "C NMR (126 MHz, CD:CN) §
162,82, 162,68, 157.22, 156.97, 156.64, 156.56, 155,83, 155.72, 153,40, 153.25, 153.19,
152,85, 152,55, 152.25, 151.37, 151.17, 15050, 15045, 147.90, 147.78, 138,91, 138.72,
138,60, 138.53, 13831, 138.18, 135.14, 135.08, 12888, 128.84, 127.89, 127.84, 127.77,

127,67, 127.62, 127.43, 124.76, 124.71, 124.57, 12449, 12435, 123.89, 123.83, 119.79.

Anal. Caled for CsyHiN1zS2CLO1oRux2H;0: € 43.35%; H 2.88%; N 10.46%. Found: C

4346%; H 291%; N 1047% MALDI TOF MS mz calculated for

CosHaaNp$:CLORuz, 1571.11; found, 1371.01 (M-2C10,)"

72.06 (M-3CIO0N)';

117210 (M-4C10)".

2.3.6 [{(bpy):Ru}x(pyatbtz)|(CIO,); [103]




“This complex was synthesized following the method of Haga et al. [103]. 26-Bis(2-

pyridyl)-2,2':6,2"thiazolo[4,5-d)-benzothiazole (py:tbtz) (0.0352 g, 0.102 mmol) and
Ru(bpy):Ch2H;0 (0.0973 g, 0.187 mmol) were refluxed in glycerol (30 mL) for 24 h.
The red solution was then poured into 150 mi. deionized water and an excess of NaClO4
was added producing a red precipitate, which was collected by suction filtration and
washed well with deionized water and dried under vacuum. This complex produced
several bands in the size exclusion chromatography using Sephadex™ LH-20 (1:1)
acetonitrile:methanol, from which a dark red fraction (bimetallic) was collected for
further studies (0.11 g, 70%). FTIR (KBr cm 1]' 3406 (br), 3070 (w), 1968 (s) 1601 (m),
1463 (), 1384 (5), 1341 (s), 1244 (5), 1145 (5), 1116 (vs), 1088 (v5), 767 (vs), 730 (5),
624 (). 'H NMR (500 MHz, CD,CN)  8.63 (d, J = 8.2 Hz, 1H), 8.60 ~ 8.50 (m, 8H),

843 (d, J = 8.1 Hz, 1H), 828 - 821 (m, 2H), 8.18 — 8.10 (m, 6H), 8.09 — 8.04 (m, 2H),

804~ 8.01 (m, 1H), 8.00 - 7.96 (m, 3H), 7.83 (d, J = 3 Hz,

1 Hz, 1H), 7.79 (4, J =
2H), 7.68 (d, J = 4.6 Hz, 2H), 7.65 - 7.61 (m, 2H), 7.60 — 7.57 (m, 1H), 7.56 — 7.52 (m,
2H), 7.46 - 7.42 (m, 4H), 740 (&, = 7.1 Hz, 1H), 7.34 = 730 (m, 1H), 6.94 (d, J = 4.2
Hz, 2H). C NMR (126 MHz, CD:CN) 8 169.41, 169.19, 157.34, 157.08, 156.67,
15659, 156.51, 156,49, 153.26, 152.99, 152.45, 152.40, 152.39, 152.27, 152.20, 151.70,
151,64, 150.09, 149.96, 138.02, 13791, 137.80, 137.75, 137.69, 137.59, 134.44, 134.40,
128,77, 128.72, 127,74, 127.58, 12739, 124.53, 12442, 124.26, 12424, 124.18, 124.11,
12389, 11495, 11488, 9927. MALDI TOF MS mi: calculated for

CssHaaN1382046CLiRu, 1571.12; found, 1172.10 (M-4CIO04-H)".
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2.3.7 [{(bpy):Ru}o(Mez-py:bbim)|(CIO4); [101]

N
D
i
V4

\ A

N
i
N

“This complex was synthesized following the method of Nozaki and Ohno [101]

3,3-Dimethyl-2,2"di(pyridin-2-y1

biCH i Merpy:bbi
(0.0424 g, 0.102 mmol) and Ru(bpy):Clz2H:0 (0.0973 g, 0.187 mmol) were refluxed in
ethylene glycol (50 mL) for 24 h. The red solution was then poured into 150 mL.
deionized water and an excess of NaClO; was added to that solution resulting in a red
precipitate. The red precipitate was then collected by suction filtration and washed well

with deionized water and dried under vacuum. The complex was purified by size

exclusion chromatography using of Sephadex™ LH-20 (1:1) acetonitrile:methanol. A
dark red fraction was collected for further analysis (0.063 g, 38%). FTIR (KBr cm):
3392 (br), 3069 (w), 1972 (s), 1602 (m), 1515 (5). 1481 (5), 1444 (s), 1463 (s). 1089 ().
764 (v5), 729 (v5). 622 (vs). 'H NMR (500 MHz, CD;CN) § 8.6 — 861 (m, 2H), 8.57 -
8.52 (m, SH), 8.51 - 8.46 (m, 3H), 8.12 - 8.06 (m, 3H), 8.04  7.95 (m, 5H), 7.90 - 7.84

(m. 6H), 7.81 (1, /= 6.9 Hz, 4H), 7.78 (1, J = 5.4 Hz, 4H), 7.62 = 7.53 (m, 2H), 7.50




7.43 (m, 2H), 7.40 ~ 7.35 (m, 7H), 5.88 (1, J = 8.7 Hz, 3H), 4.43 (m, 6H).’C NMR (126

MHz, CD;CN) & 157.33, 156.75, 156.69, 156.63, 156.51, 155.14, 152.76, 152.26, 152.19,
151.94, 151.86, 151.74, 151.55, 148.93, 148.88, 14075, 139.82, 13741, 13731, 137.20,
136.46, 136.05, 127.36, 127.28, 127.08, 126,99, 126.91, 12530, 124.02, 123.83, 123.45,

11251, 109.87, 62.84, 33.10, 33.04, 32.97. Anal. Caled for CeeHs2N4016CLiRuz 3H0:

H 3.45%; N 11.57%.

46.76' Found: C 46.82%; H 3.68%; N 11.05%. ESI-MS (positive

mode) m/z calculated for CegHsaN14CLO 6Ruz, 1641.17; found, 1541.7 (M-CIOW)".

2.4 X-ray crystallographic studies of the ruthenium polypyridyl

complexes

Some of the synthsized monometallic and bimetallic ruthenium polypyridyl complexes were

able o be crystallized. Their crystal structures were determined as part of further verification

of molecular structures. It was found that mixed solvent systems were effective for the

crystallization of perchlorate salts of the benzothiazole and benzimidazole complexcs. Slow

evaporation of acetonitrile from chloroform or methanol solution resulted in well-shaped

crystals of three benzothiazole complexes and one benzimidazole complex. Although similar

conditions were applied to crystallize other complexes, crystals were so small that they did not

diffract at the desired angle (55°). Table 2.1 and 2.2 summarizes crystallographic data for the

four complexes.



2.5 X-ray diffraction studies

The following text was taken from reports prepared by Dr. Lousie N. Dawe, who collected
the data and solved the crystal structures described below. All measurements were made on a
Rigaku Saturn CCD area detector equipped with a Rigaku SHINE optic, with Mo-Ka
radiation. The strueture was solved by direct methods [104] and expanded by using Fourier
transform techniques [105]. The non-hydrogen atoms were refined anisotropically. Hydrogen
atoms were introduced in calculated positions with isotropic thermal parameters set 25%

greater than those of their bonding partners. They were refined on the riding model. Neutral

atom scattering factors were taken from Cromer and Waber's “International Tables for X-ray
Crystallography™ [106]. Anomalous dispersion effects were included in Feale [107]; the
values for Af and AP were those of Creagh and MeAuley [108]. The values for the mass
atienuation coefficients are those of Creagh and Hubbell [109]. All calculations were
performed using the CrystalStructure [110-111] erystallographic software package except for

refinement, which was performed using SHELXL-97 [104].



Table 2.1: Summary of erystallographic data for [Ru(pybtz)(bpy):
[Ru(Mexpybbim)(bpy):]™", [{(bpy):Ru}(pzbbtz)]”

i [{(bpy):Ru}:(pzbb
Chemical | o brayppyy | RUMEpYBbim) pue
Formula (bpy)]

N0y
CotuCLNORUS | CyHaCENO )R C“""c"s MRRR
M 985.04 1041.82 173532
TK) 1532) 1532) 153Q)
Crystal System | monoclinic triclinic triclinic
Space Group P2/n (#14) Pl (2) Po1 ()
a(h) 19.43203) 9.313(6) 13.599(4)
b(A) 8.8126(14) 14.766(10) 16.050(5)
<(A) 24.634(4) 17.970(12) 17.237(6)
a() 90.00 103.50Q2) 88.874(19)
BC) 111.7603) 104.180) 86.357(19)
1) 90.00 104.12() 70.514(13)
VA 3921.1(12) 2208(3) 3539.6(19)
z a 2 2
Deale (g/em'’) 1.668 1567 1.628
J{MoKa) 8.54 5.52 717
(em")
Reflections
oot 72920 18276 32634
Reflections
Unique 8054 (7322) 9011 (7997) 14466 (12802)
(1>2.00010))
Rint 0.0469 0.0387 00717
R
o T 00712 0.1180 0.0850
YR 0.1869 03055 02470
reflections)
(R 1106 1058 1048




“Table 2.2: Summary of crystallographic data for [{(bpy):Ru}a(pyatbtz)]

Chemical
Formula
(Experimental)

CssHsiCLN12022Rw:S,

Goodness-of-Fit

M 1679.20
T(K) 153(2)
Crystal System wriclinic
Space Group Pol (#2)
a(A) 12,0249 (11)
b(A) 12.75010 (10)
<c(A) 13.9516 (14)
) 93.388 (18)
B(C) 112.8809 (13)
1) 117.909 (18)
V(A) 1663.4 (2)
Z 1
Deale (g/em’) 1.676
u(MoKa) (em”) 7.64
Reflections Total 6116 (5467)
Reflections
Unique 8054 (7322)
(I>2.00011)
Rint 0.0356
R, (>2.00010)) 0.0855
sl 02475
reflections)
1072




2.5.1 Crystal structure for Ru(pybtz)(bpy)x(CI04):

The ORTEP structure shown in Figure 2.1 confirms the proposed structure for

. Thi was stallized with two perchlorate ions and two

lattice solvent molecules of CHCI; and CHyCN (1:9) were present for each monometallic

ruthenium complex. A red chip crystal of [Ru(pybtz)(bpy):]** having approximate

dimensions of 0.3 x 0.20 x 0.20 mm was mounted on a low temperature diffraction loop.
Selected bond lengths and bond angles are listed in Table 2.3.

“The crystal structure in Figure 2.1 confirms that the pybtz ligand is coordinated to
Ru(1) via the NI and N2 atoms. The Ru-N(1)(btz) distance [2.078(4) A] is slightly
shorter than that of the Ru-N(2)(py) distance [2.084(4)A]. The bite angle for the N(1)-

Ru(1)-N(2) is 78.43(15)° and i ble 10 that for [Ru(

(bpy):CIO, (deprotonated), 78.37(8)° [113]. The bite angles for the bpys of 78.67(15)°
and 78.73(14)° and Ru-N distances of 2.055(4)-2.065(4) A are comparable to those
found in other complexes [113-116]. The comparatively higher Ru(1)-N(1) and Ru(1)-
N(2) bond lengths {2.078(4) A and 2.084(4) A} are comparable to Ru-N(bpy) bonds and
are due to the partial z-backbonding to the electron rich bridging ligand from the metal
centre [113]. The bond angles around Ru(1) are: N(1)-Ru(1)}-N(5): 171.06(14)°; N(2)-
Ru()-N(@): 175.98(16)% NG)-Ru(D)-N(6): 173.21(12)°. This deviation from the
octahedral geometry may be due to the acute bite angles of both the 2,2-bpy and the

pybtz ligands.
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Figure 2.1: Xeray crystal structure for [Ru(pybtz)(bpy)1*". 30% probability ellipsoids

anions and hydrogen atoms omitted for clarity



‘Table 2.3: Selected bond distances (A) and angles (°) of [Ru(pybtz)(bpy)|™*

Ru(1)}-N(5) 2.055(4)  Ru(1)}N(1) 2.078(4)

Ru(1)}N(6) 2.065(4)  Ru(1)-N(3) 2.060(4)

Ru(1)}N(4) 2.058(4)  Ru(1)}NQ2) 2.084(4)
N(I)-Ru(1)-N2) 78.44(15)  N(1)-Ru(1)-NG) 88.94(15)
N(1)-Ru(1)-N(4) 100.85(15) N(1)-Ru(1)-N(5) 171.06(14)
N(I)-Ru(1)-N(6) 95.35(15)  N(2)-Ru(1)-NG) 97.34(14)
N@)-Ru(1)-N(3) 175.98(16) N(2)-Ru(1)-N(5) 94.62(15)
NG)-Ru(1)-N(S)  97.60(15)  NG)-Ru(1)-N(6) 173.21(12)
N(@)-Ru(1)-N(S)  86.46(15)  N(4)-Ru(1)-N(6) 95.32(14)
N(S)-Ru(1)-N(6) 78.73(15)

252 Crystal structure for Ru(Mez-pybbim)(bpy)(CIO,);

Figure 2.2 shows the ORTEP structure for [Ru(Me: pybbim)(bpy): ** and confirms the
predicted structure. A red prism crystal of CuHysCaNsOjRu having approximate
dimensions of 0.26 x 0.19 x 0.04 mm was grown from a variety of solvents, however, all
difffacted weakly in this case. The Platon [117] squeeze procedure was applied to recover
104 electrons per unit cell in one void (total volume 369 A”); that is 52 electrons per
formula unit (~5 H0). The erystal selected for full data collection was grown from a
slow evaporation of acetonitrile from methanol (1:1) solvent. This complex was co-

erystallized with two perchlorate ions, which were present for each monometallic



ruthenium complex. Selected bond lengths and bond angles are listed in Table 2.4,

The crystal structure for [Ru(Me; pybbim)(bpy): " (see Figure 2.2) confirms that
the Mes.pybbim ligand is coordinated to Ru(1) via the N(3) and N(5) atoms. The Ru-
N(S)(benzimidazole) distance [2.056(8) A] s slightly shorter than the Ru-N(3)(pyridyl)
distance [2.068 (8) A]. The bite angle for the N(3)-Ru(1)-N(3) of 78.10 (3)° is

comparable o that for [Ru(2-(2-py imi 21(CI04);

78.37(8)° [84]. The bite angles for the bpy's of 78.70(3)° and 79.203)° and Ru-N
distance 2.040(8)-2.062(7) A are comparable to those found in other complexes [113-
116]. The bond angles around Ru(1) are: N(7)-Ru(1)-N(3): 168.9(3)°; N(8)-Ru(1)-N(6):
173.7(3)° NO)-Ru(1)-N(3): 172.03)". This deviation from the octahedral geometry

may be related to the acute bite angles of both the 2,2'-bpy and the M pybbim ligands.

‘Table 2.4: Selected bond distances (A) and angles (°) for [Ru(Me; pybbim)(bpy):]*"

Ru()-N(9)  2.040(8) Ru(1)-N(S)  2.056(8)
Ru(1)-N(8)  2.046(7) Ru(1)}N(6)  2.062(7)
Ru()-N(7)  2.053(8) Ru(1)NG)  2.068(8)

NO)-Ru()-N() 78.7(3) N(O)-Ru(1)}-N(7) 92.7(3) N(8)-Ru(1)}N(7) 97.7(3)
N(O)-Ru()-N(S) 96.2(3) N(8)-Ru(1)}-N(5) 90.6(3) N(7)-Ru(1)}-N(5)  168.93)
N(O)-Ru(1)-N(6) 95.8(3) N(8)-Ru(1)}-N(6) 173.7(3) N(7)-Ru(1)-N(6) 79.2(3)
N(5)-Ru(1)-N(6) 932(3) N(O)-Ru(1)NG) 172.03) N(8)-Ru(1)-N(3) 95.5(3)

N(7)-Ru(1):NG) 93.6(3) N(5)Ru(1)-NG) 78.1(3) N(6)-Ru(1)-NG3) 90.2(3)



Figure 2.2 Xeray crystal structure for [Ru(Me; pybbim)(bpy):]*". 30% probability

ellipsoids; anions and hydrogen atoms omitted for clarity

2.5.3 Crystal structure for [{(bpy):Ru}x(pzbbtz)](CIOs)s
‘The ORTEP structure shown in the Figure 23 confirms the expected structure for
[{(bpy):Ru} (pzbbtz)]"". A black prismatic crystal of [ {(bpy);Ru}x(pzbbtz)]*" having

approximate dimensions of 0.34 x 0.28 x 0.15 mm was treated in a similar way to that of



Ru(pybtz)(bpy),*". One acetonitrile lattice solvent molecule was refined isotropically,
while all other non-hydrogen atoms were refined anisotropically. The crystal selected for
full data collection was grown from a mixture of acetonitrile and methanol (1:1) solvents.
This complex was co-crystallized with four perchlorate ions and three molecules of
acetonitrile were present for each bimetallic ruthenium complex. Selected bond lengths
and bond angles for this complex are listed in Table 2.5.

‘The structure consists of two hexa-coordinated ruthenium(l) centres (sec Figure
2.3) in which the two Ru(bpy)s units are bridged by the N(2) and N(3) nitrogen atoms of
the pyrazine moiety of pzbbtz, while the remaining sixth coordination sites are occupied
by N(4) and N(1) benzothizole nitrogen atoms. The Ru-N(btz) distance [2.084(4) A] is
slightly longer than the Ru-N(pz) distance [2.048(4) A]. The decrease in the Ru-N(pz)
bond length is a clear evidence of z-back donation between Ru and the pyrazine ring. The
bite angle for the N(1)-Ru(1)-N(2) is 78.17(15)° and that of N(3}-Ru(2)}-N(4) is
77.75(15)", which are comparable to the bite angles of [ {(bpy):Ru}x(pzbzth)]”* [78.4(4)°
and 78.80(4)°, respectively] [118]. The bitc angles for bpys 78.51(17)° to 79.94(16)° and
the Ru-N distance 2.045(4) A to 2.084(4) A are comparable to those found in other
complexes having similar structures [113-116]. The shorter Ru(1)-N(2)(pz) and Ru(2)-
N(3)(pz) bond lengths [2.052(4) A and 2.048(4) A] are comparable to those of
[(bpy):Ru(dpp)]** [2.033 (12) (A)] [119] and are responsible for the shorter metal-metal
distance of 6.89 (A) between the two ruthenium centres. This assumption is consistent
with the cyclic voltammograms (redox potentials) and especially the ~high

comproportionation constant, K, value (see Chapter 3, page 90). Additionally, from the



electronic emission spectrum (sce Chapter 3, page 108), the shifting of the MLCT band to
the lower energy (near-IR) for this bimetallic metal complex is consistent with strong
metal-metal interaction. The bond angles around Ru(l) are: N(2)-Ru(1)}-N(7):
174.16(16)°; N(6)-Ru(1)-N(8): 173.45(16)°: N(5)}-Ru(1)-N(1): 171.01(15)°, while those
for Ru(2) atom are: N(12)-Ru(2)-N(9): 171.46(15)°; N(3)}-Ru(2)-N(11): 175.48(15)°
N(10)-Ru(2)-N(4): 171.44(15)°. This deviation from octahedral geometry is due to the

acute bite angles of both the bpy and the pzbbtz ligands.

‘Table 2.5: Selected bond distances (A) and angles (°) for

{(bpy):Ru}(pebbta)]* .

Ru(1)-N(S)  2.045(4) Ru(2)-N(10) 2.041(4) Ru(1)-N(2) 2.052(4)
Ru(2)}-N(3) 2.048(4) Ru(1)-N(6) 2.065(4) Ru(2)-N(12) 2.062(4)
Ru(1)-N(7)  2.069(4) Ru(2)-N(9) 2.065(4) Ru(1)-N(8) 2.074(4)
Ru(2)-N(11) 2069(4) Ru(1)-N(1) 2.082(4) Ru(2)-N(4) 2.084(4)
N(S)-Ru(1)-N2)  93.29(16)  N(S)-Ru()-N(6)  78.51(17)
N@)-Ru(1)-N(6)  90.33(15)  N(S)-Ru()-N(7)  88.12(16)
N@)-Ru(1)N(7)  174.16(16) N(6)-Ru(1)-N(7)  95.50(17)
N(S)-Ru(1)-N(8)  98.0716)  N(2)-Ru(1)-N(8) ~ 95.46(16)
N(6)-Ru(1)-N(8)  173.45(16) N(7)-Ru(1)-N(8)  78.72(17)
N(S)-Ru(-N(1)  171.01(15) N)-Ru(1)-N(1)  78.17(15)

N()-Ru(1)-N(1)  98.53(16)  N(7)-Ru(1)-N(1)  100.66(15)



Continued.

Table 2.5: Selected bond distances (A) and angles (°) for

[{(bpy):Ru}(pebbtz)] .

N(8)-Ru(1)-N(1)  85.67(15)
N(10)-Ru(2)-N(12) 96.97(16)
N(10)-Ru(2)-N(9)  78.94(16)
N(12)-Ru(2)-N(9)  171.46(15)
NG)-Ru@)N(11)  175.48(15)
N(O)-Ru@)-N(11)  93.63(15)
NG)-RuQ@)-N@E)  77.75(15)

N(ID-Ru(2)-N@)  100.54(14)

N(10)-Ru(2)-N(3)
N(G)-Ru(2)-N(12)
NG)-Ru(2)-N(9)
N(10)-Ru(2)-N(1T)
N(12)-Ru(2)-N(11)
N(10)-Ru(2)-N(4)

N(12)-Ru(2)-N(4)

93.86(15)
97.00(16)
90.79(16)
87.94(15)
78.65(16)
171.44(15)

85.92(15)



Figure 2.3: Xeray crystal structure for [{(bpy):Ru}x(pzbbtz)]". 30% probability

ellipsoids; anions and hydrogen atoms omitied for clarity



2.5.4 Crystal structure for [{(bpy):Ru}a(py2tbtz)}(Cl04)s

The ORTEP structure shown in the Figure 2.4 confirms the expected structure for the
[{(bpy):Ru}a(pyatbtz)]"". A red prism crystal of CssHsiCLO»RU;S; having approximate
dimensions of 0.28 x 0.27 x 0.18 mm was mounted on a low temperature diffraction loop.
The crystal selected for full data collection was grown in a NMR twbe by slow
evaporation of acetonitrle from methanol (1:1). Selected bond lengths and bond angles
are listed in the Table 2.6.

From Figure 2.4, it is confirmed that the structure consists of two hexa-
coordinated ruthenium(Il) centers in which the two Ru(bpy): units are bridged by the
N(2) nitrogen atoms of the benzothiazole moiety of pyatbtz ligand, while the remaining
sixth coordination sites are occupied by the pyridyl N(1) nitrogen atoms. Also, the crystal
structure clarifies that ligand pytbtz is coordinated to Ru(1) via the N(1) and N(2). The
Ru-N(btz) distance [2.096(4) A] is slightly longer than the Ru-N(py) distance [2.054(4)

AJ of the bridging ligand. The bite angle for the N(I}-Ru(1}-N(2) (78.3(2)°) is

comparable to that for [{(bpy):Ru}2(2,5-di(2-pyridyl)thiazolo[5 4-d]thiazole]"* (77.93°)
[120]. The bite angles for bpy units are 79.9(2)° 1o 79.2(2)° and the Ru-N distances of
2.047(6) to 2.096(4) A are comparable to those found in other complexes [113-116]. The
metal-metal distance (9.13 A) between Ru(1)-Ru(2) indicates a weaker clectronic
interaction between metal centers and is consistent with the cyclic voltammograms
(redox potentials) having low K. values (see chapter 3, page 92) and from the electronic
emission spectroscopy data with a very weak emission band at 735 nm (see chapter 3,

page 110). The large metal-metal distance indicates that electron density at the



coordinating centers is relatively small because of LUMO delocalization within the
ligand. The bond angles around Ru(1) are: N(1)-Ru(1)}-N(4): 173.6(2)°; N(2)-Ru(1)}-
N(S): 175.93)% N(3)-Ru(1)-N(6): 173.0(2)°. This deviation from the octahedral

‘geometry may be related to the acute bite angles of both the bpy and the pyatbtz ligands.

“Table 2.6: Bond lengths (A) and bond angles (°) for [{(bpy):Ru}a(py2tbtz)] .

Ru(D)-N(1)  2.054(6) Ru(1)-N(2) 2.096(4)
Ru(1)-NG)  2.056(7) Ru(1)-N(4) 2.047(6)
Ru(1)-N(S)  2.053(5) Ru(1)-N(6) 2.056(8)

N(1)-Ru(1)-N(2) 783(2)  N()-Ru(1)-N(3) 96.4(2) N(I)-Ru(1)-N(4) 175.9(3)
N(1)-Ru(1)-N(5) 96.0(2) N(1)-Ru(1)-N(6) 89.02) N(2)-Ru(1)-N(3) 88.0(2)
N(2)-Ru(1)-N(4) 99.8(2) N@)-Ru(1)N(5) 173.6(2) NQ2)-Ru(1)-N(6) 97.5(2)
N()-Ru(1)-N(4) 79.9(2) NG)-Ru(1)}N(5) 95.72) NG)-Ru(1)-N(6) 173.02)

N()-Ru(1)-N(5) 86.12) N(4)-Ru(1)-N(6) 94.92) N(5)-Ru(1)-N(6) 79.3(2)



Figure 2.4: X-ray crystal structure for [{(bpy):Ru}x(pyatbtz)]". 30% probability

ellipsoids; anions and hydrogen atoms omitted for clarity



Chapter 3
Electrochemical and photophysical properties of the

synthesized Ru polypyridyl complexes



3.1 Introduction

This chapter describes the eyclic voltammetry (CV) and differential pulse voltammetry

(DPV) under Ny of all the synthesized complexes designed for this project. The
monometallic and bimetallic ruthenium polypyridyl benzimidazole and benzothiazole
complexes showed reversible redox waves, which were compared to those for
Ru(bpy)s™", to investigate the effects of ligand structure and donor-acceptor properties.

‘The metal-metal interactions for the bimetallic complexes are revealed by their oxidation

waves.

3.2 Electrochemical measurements

Electrochemical experiments were performed with a Pine Instrument  AFCBP1
biopotentiostat, except for differential pulse voltammetry which was performed with an
Epslon EC-2000 XP instrument. Acetonitrile (Sigma-Aldrich, anhydrous, 99.8%) and
Tetracthyl ammonium tetrafluoroborate (Bu;NBF.) (Alfa Aesar, 99.0%) were used as
received. EUNCIO; was prepared from EUNBr and HCIO, and purified by
recrystallization six times from hot water and finally dried overnight under vacuum at

40 °C. An Ag/AgCI/KCI (saturated, aqueous) reference electrode was used with a Pt wire
counter electrode and glassy carbon (0.20 em?) or pt disk working electrode. The working
electrodes were cleaned by using alumina polishing solution (0.30 micron) followed by
washing with water and finally acetone. A three chambered glass cell, with a luggin

capillary for the reference electrode, was used for electrochemical measurements.




Cyclic and differential pulse voltammetry of the metal complexes were carried
outin CH,CN/BusNBF (0.1 M) solutions unless otherwise indicated. The solutions were
purged with N3 (5-10 min) prior to electrochemical measurements. The formal potentials
(E°) for cyclic voliammetry were caleulated by using the equation (Ep + Epo)/2 vs
A@AECL. Both anodic (Ey) and cathodic (Ey) peak potentials were found to be

independent of scan rates. The number of electrons (n) was determined from the equation

of peak separation as AE, =

s~ Epc = 59/n mV. Generally, for all complexcs the cyclic

voltammetric data showed metal based oxidation processes, whereas, the reduction

reaction mecl

processes (follows EE} m) are associated with the 7» LUMO energy of

ligands, similar to those for other reported ruthenium polypyridyl complexes [121-125].
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Figure 3.1: Cyclic voltammogram of | mM Ru(bpy);*" in CHCN/0.1 M BuiNBF4 under
N at a glassy carbon electrode (at v = 50 mV/s). (Inset: differential pulse voltammogram

under Ny at a glassy carbon electrode)

Figure 3.1 shows a cyclic voltammogram of Ru(bpy);*" in acetonitile. There are four

reversible one-electron waves. The Ru""" process is noted at a formal potential of +1.34
V. and three peaks with formal potential values of =124 V, -1.46 V, and -1.70 V,

correspond to bipyridine-based reductions [121].
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Figure 3.2: Cyclic voltammogram of 1 mM [Ru(Me-pybim)(bpy)J** in CHiCN/O.I M

Bu:NBF; under N; ata glassy carbon clectrode (at v = 50 mV/s). (Inset: differential pulse

Voltammogram under N; at a glassy carbon electrode).

Cyelic volammetry of [Ru(Me-pybim)(bpy):]*" (see Figure 3.2) is very similar to that of

Ru(bpy)s™". It shows a one-electron reversible Ru*" wave with a formal potential of
#1.23 V. The formal potential for the oxidation wave is about 110 mV less positive than
that for Ru(bpy)s**, and could be explained as the stabilization of the Ru™" state by the
Me-pybim ligand relative to bpy in Ru(bpy)s™. In the reduction processes, this complex

showed three one-electron reversible waves with formal potentials of =131 V, 152 V,




and -1.79 V. which are very close to those of Ru(bpy):™". So it can be concluded that

replacing one bpy with a Me-pybim ligand does not necessarily cause any significant

change on the 7 LUMO energy

33.13 [Ru(pybtz)(bpy).]”
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Figure 3.3: Cyclic voltammogram of 1 mM [Ru(pybtz)(bpy)a] in CHiCN/O.IM

BuNBF; under N; at a platinum electrode (at v = 100 mV/s). (Inset: differer

pulse

voltammogram under Ny at a glassy carbon electrode).

Figure 3.3 shows a cyclic voltammogram of [Ru(pybtz)(bpy):[*', with four reversible

one-clectron waves within the scanned potential region. The formal potential for the



Ru™?* wave is seen at about +1.42 V, which is about 80 mV more positive region than
that for Ru(bpy);™. The shifting of the potential indicates a more stable Ru'" state

relative 1o that in Ru(bpy)s*". Also, the formal potential for the Ru™"* couple with the
pybtz ligand is higher by 0.19 V relative to the Me-pybim ligand

[Ru(pybtz)(bpy)I** shows three reduction waves. The first wave (-1.03 V) is
assigned to the pybtz reduction, because the first reduction wave for Ru(bpy)s™ does not
appear until -1.24 V. The first reduction wave for the pybtz ligand is 0.30 V more
positive than for the Me-pybim ligand, suggesting that the pybtz is a better z-acceptor
ligand. The other two waves, due the reduction of bpy fragments, appear at -1.44 V and

-1.68 V. whereas in Ru(bpy);™, these reductions take place of -1.46 V and -1.70 V/

respectively (see Figure 3.1).

3.3.14 [Ru(Me;-pybbim)(bpy). |
The cyclic voltammetry of [Ru(Mex.pybbim)(bpy):]** (see Figure 3.4) shows four

e

reversible waves. The one-clectron Ru**>" peak appears at a formal potential of +1.27 V.
Three one-electron reduction waves appear with formal potentials of -1.10 V. -1.40 V,
and -1.64 V., respectively. The formal potential for the reduction of the Mey-pybbim
ligand is 200 mV more positive than for the Me-pybim ligand. due to the effect of the

extended n-conjugation. The last two reduction peaks (-1.40 V and -1.64 V) are due to

the reduction of bpy and occurred at similar potentials to those for Ru(bpy)s™"



Current (mA)
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Figure 3.4: The cyclic voltammogram of 1 mM [Ru(Mey-pybbim)(bpy)
CH,CN/0.1 M BuiNBF; under Ny at a platinum electrode (at v = 100 mV/s). (Inset:

‘ differential pulse voltammogram under N at a glassy carbon electrode).

332 Bimetallic complexes
3321 [{(bpy):Ru}a(Mer-pzbbim)]'*

Figure 3.5 shows a cyclic volammogram of [{(bpy):Ru}x(Me;-pzbbim)|*". This
complex shows five reversible redox waves. Acoording to the literature [126-128], for
similar complexes, the first two one-electron waves for the Ru®"-Ru”" < Ru'-Ru’" and
Ru*"-Ru* « Ru*'-Ru’" processes, are observed at formal potentials of +1.37 V and
+1.55 V, respectively. The difference between these formal potentials (AE®) is about 180

mV, which indicates that there is a strong clectronic interaction between the two
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Figure 3.5: The cyclic voltammogram of 1 mM [{(bpy):Ru}(Mex pzbbim)]*" in
CH,CN/0.1 M BusNBF, under Ny at a platinum electrode (at v = 100 mV/s). (Inset

differential pulse voltammogram under N at a glassy carbon electrode.)

ruthenium centers. This electronic interaction is assumed to oceur via the LUMO of the

bridging ligand, by a superexchange process, which is the proposed mechanism for a

similar 2,5-dipyridyl-pyrazine (2,5-dpp) based ruthenium bimetallic complex [98]. The
stability of the mixed-valence state is related to the thermodynamic equilibrium constant
K and can be shown as (92, 129]:

o

2 [Ru(11)Mey-pzbbimRu(11)] "



The value of K. is at around 1104, indicating the stability of the mixed-valence
state (Ru*-Ru™) for Mey-pzbbim. OF the three other reversible waves, the two one-
electron reduction waves with formal potentials of -0.42 V and -1.06 V are assigned to
reduction of the Mex-pzbbim ligand (low Iying + LUMO orbitals) because of the fact
that the first reduction does not appear until -1.24 V. for Ru(bpy)s™. This reveals the
electron-deficient nature of the pyrazine based ligand [130] relative to those for bpy in
Ru(bpy):*". The third reduction wave (two-electron) at about -1.46 V must be due to the

simultaneous reduction of two bpy ligands [85].

3322 [{(bpy):Ru}x(pzbbtz)]"

[4(bpy):Ru}a(pzbbtz)]** shows very similar cyclic voltammetry (see Figure 3.6) to that
of [{(bpy):Ru}a(Mex-pzbbim)]*". There are two one-clectron reversible peaks for Ru*'-
Ru?" «» Ru""-Ru*" and Ru"-Ru*" «» Ru*"-Ru’" processes with formal potentials at about
+1.54 V and +1.73 V. The difference between these formal potentials (AE®) is about 190
mV, indicating a strong electronic interaction between the two ruthenium centers. This
interaction presumably occurs via the LUMO of the bridging ligand (pzbbtz) by a
superexchange process. The value of K. is calculated to be about 1629 (from AE?), which

indicates a stable mixed-valence state and can be shown as:

[Ru(IhpzbbtzRu(ID]" + [Ru(ll)pzbbtzRu(1ID]" <>

2 [Ru(lIpzbbtzRu(1n]**
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Figure 3.6: The eyclic voltammogram of 1 mM [{(bpy):Ru}a(pzbbtz)]"" in CHiCN/0.1
M BuyNBF, under N; at a platinum electrode (at v = 100 mV/s). (Inset: differential pulse

Voltammogram under N; at a glassy carbon electrode).

A large value of K. may often be an indication of a short metal-metal distance
[131] (which was found to be 6.89 A for this complex from X-ray crystallography). It is
found that the formal potentials for the two oxidation peaks for [{(bpy):Ru}x(pzbbtz)]"*
are shifted to more positive potentials by about 180 mV and 190 mV respectively relative
10 those for the [{(bpy):Ru}a(Mey-pzbbim)]". Also, compared to the value of K it is
seen that the mixed-valence state (Ru**-Ru®) is more stable for [{(bpy):Ru}a(pzbbz)]"*
than for [{(bpy):Ru}a(Mex-pzbbim)]*.

The formal potentials for the first two reduction peaks are found at about -0.17 V.
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and -0.61 V, which are due to the lower lying 7* LUMO orbital of the pzbbtz bridging

ligand. It is interesting that first two reduction peaks are much more posi

vely shifted
and appeared at about 250 mV and 450 mV respectively more positive potentials than
those for [{(bpy):Ru}2(Mey-pzbbim)]*", which may indicate that the pzbbtz ligand has
more m-acceptor characteristics than Me;-pzbbim. The last two-clectron reversible wave

atabout -1.42 V is due to the simultancous reduction of two bpy ligands.
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Figure 3.7: The cyclic voltammogram of 1 mM [{(bpy):Ru}a(pyathtz)]* in CHiCN/0.1
M EUNCIO, under Ny at a glassy carbon electrode (at v = 50 mV/s). (Inset: differential

pulse voltammogram under N at a glassy carbon electrode).




Figure 3.7 shows a cyclic voltammogram of [{(bpy):Ru}x(pyatbtz)]" in acetonitrile. It
shows a two-electron reversible peak for Ru?'-Ru”" « Ru*'-Ru’* and Ru*"-Ru** « Ru*"-
Ru' processes with a AE® value of 40 mV as determined by Haga et al. [103]. Oxidative

formal potentials were calculated by using the Richardson and Taube method [132], and

relative

were found at around +1.42 V and +1.46 V respectively. The lower value of
o the other two bimetallic complexes [see Section 3.3.2.1 and 3.3.2.2] is an indication of
a lower stability of the mixed-valence state with the pytbtz bridging ligand. The stability

of the mixed-valence state can be shown from the comproportionation constant (K.):

[Ru(IDpyatbtzRu(ID]*" + [Ru(I1)pyatbtzRu(1I]" «>

2 [Ru(111)pyatbtzRu(I1)]*

The value of K. can be caleulated from the formal potentials of the oxidative
waves and was found to be approximately 4.7. The lower value of K. relative to the other
two bimetallic complexes is an indication of a weak electronic interaction between the
metal centers for this complex. The lower value of K, can be explained by the longer
metal-metal distance [131], which is 9.13 A for this complex relative to

[{(bpy):Ru}s(pebbez)]** (from X-ray According to Haga ct al. [104],

the electronic interacton for this complex is via the HOMO of the bridging ligand

(pyatbiz) by a “hole-type superexchange process”. The first two reversible one-electron

reduction peaks of this complex with formal potentials at about -0.70 V and -0.98 V are

assumed o be due 1o the pyatbiz ligand. The third (two-electron) wave is due 1o the

9




simultaneous reduction of two bpy ligands at a formal potential of -1.41 V, which is

similar to that for the second reduction of Ru(bpy)s* at -1.46 V.

3323 [{(bpy):Ru}x(Mer-pyzbbim)|
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Figure 3.8: Cyclic of I mM [ pybbim)|"* i

CH;CN/0.1 M BusNBF, under N3 at a glassy carbon electrode (at v = 100 mV/s). (Inset:

differential pulse voltammogram under Ny at a glassy carbon clectrodc)

Cyclic voltammetry of [{(bpy):Ru}a(Mey-py2bbim)] (see Figure 3.8) shows three

sible redox waves. The oxidation wave of this complex clearly indicates that the

rev

oxidation involves two closely spaced, one-electron processes, due to Ru*'-Ru®* «» Ru*'-




Ru?* and Ru*'-Ru”" > Ru""-Ru™" processes and is composed of two clearly spaced one-
electron with formal potentials of +0.77 V and +0.87 V' (determined from the differential

a AE® value of about 100 mV. The mixed-valence state for

pulse voltammetry), and

this complex could be expressed as follows:

[Ru(IM i [+ [Ru(lll)Mez-pyzbbimRu(II]** >

2 [Ru(111)Mez-pyzbbimRu(11)|**

The lower value of AE® is an indication of a lower stability of the mixed-valency
state with the Mex-pyzbbim bridging ligand for this complex. From the value of K. (49).

it is estimated that there is a weak electronic interaction between metal centers with the

Mey-py:bbim ligand i.e. a long-di ixed-valence electron transfer for long 7-
bridging ligand. In the literature, a similar interpretation s given for similar complexes
[131, 133]. The other two waves are two-electron reversible reduction peaks with formal
potentials of -1.40 V and -1.67 V. The first reduction wave is due to the simultaneous
reduction of two bpy ligands. The other two-clectron wave might be due to the reduction
of the Me,-py;bbim ligand. The reduction of the bpy ligands for this complex are found

shifted towards more negative potentials relative to the bpy ligands (-124 V) in

Ru(bpy);™* and it could be due to the electron donating nature of the Mey-py2bbim

ligand



of Ru 1

3.4 Summary of

Table 3.1 illustrates the formal potentials of all of the complexes. The redox potentials of
the monometallic complexes varied with the different types of ligand used. The

incorporation of Me-pybim, pybtz, and Me; pybbim ligand in the ruthenium polypyridy|

Table 3.1: Formal potentials vs Ag/AgCl of all the complexes in the presence of

0.1 M BusNBFy/CH;CN.

Complexes E°(V)

Oxidation Reduction
Ru(bpy),” T34(16) “124(10), -1.46(1e), -1.70(1¢)
TRu(Me-pybim)(bpy):]" 123(1e) “T31(Te). -1.52(Te). -1.79(1e)
[Ru(pybtz)(bpy):] Taxie “T01(1e), -148(10). -1.73(1¢)
[Ru(Mex-pybbim)(bpy): T27(10) “T10(Te), -T.40(Te). -1.64(1¢)
[{(bpy)2Ru}(pzbbtz)]” T37(16), 1.35(1¢) | 042(1e), -1.06(1e), -1 46(2¢)

[{(bpy):Ru}(Mer-pzbbim)]|”

T.54(1e), 1.73(1)

0.17(1e), -0.61(Te), -1.42(2¢)

[(bpy):Ruj(pyatbts)]”

T42(1e).1.46(1¢)

0.70(Te), -0.98(1e), ~41(2¢)

[1(bpy):Rujs(Mez-py:bbim)]”

0.77(1e). 0.87(1e)

~1.40Q2¢), -1.67(2¢)

complexes caused the redox potentials to vary according o the % or o donor-acceptor
properties of the ligand. It was found that for the complexes with pybtz and Me; pybbim
ligands, the reduction potential were shified to the more positive potentials relative to

Me-pybim ligand due to z-acceptor characteristics of pybtz ligand and the extended &

delocalization characteristics for Me pybbim ligand.

For bimetallic ruthenium complexes it was found that intramolecular electron



Table 3.2: Scparation between

jon formal potentials, AE® (mV), and the

corresponding comproportionation constant, K. (eqn. 10, Chapter 1, page 36), for all

bimetallic complexes.
Complexes AE* (mV) K.
[{(bpy):Ru}(pebbtz)]" 190 1629
Tibpy)Ru}:(Mepzbbim) | 180 Ti04
[1(bpy):Ru}2(Mezpy;bbim)’ 100 49
[{(bpy)Ru} (pyathta)] 4 a7

transfer s strongly dependent on the nature of ligand used (see Table 3.2). For example,
with the Mez-pzbbim ligand, the bimetallic complex shows lower values of K. and AE®
relative 1o that of pzbbtz, that has a similar pyrazinyl ligand moiety. This difference is

likely to be related o the coordination environment of the metals which is v

here by
using benzimidazole/benzothiazole moiety. Thus changes in the LUMO energy of the
bridging ligand resulted in energy differences and caused variations in the bridging

Jigand-mediated electronic coupling Usually, bimetallic

complexes involving pyrazine-based bridges (better z-acceptors than pyridines) have low
Iying 7+ LUMO orbitals. This feature endows these complexes with higher (more
positive) [134-139] first reduction potentials than the other bimetallic complexes
considered in this work. On the other hand, with the pzbbtz ligand, the bimetallic

complex showed higher values of K. and AE* relative to pystbtz ligand. This variation
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can be explained by the fact that, compared 1o pzbbtz ligand, pyxtbtz has a larger z-
bridging system, where the LUMO is located primarily within the pystbtz ligand and
coordinating metal centers have low electron density [131). For another bimetallic

complex with Me; pysbbim ligand, the value of K. was found to be only 49, which is

indicative of a long range mixed-valence electron transfer with a weak clectronic
interaction between the metal centers through a long bridging ligand (x delocalized

system) [133].

3.5 Photophysical properties

“This section describes the electronic absorption and emission spectra of the synthesized
complexes to get supportive information for the results found in cyclic voltammetry. In
order 10 reveal the o-donor/z-aceeptor properties of each ligand, UV-Vis absorption and
emission spectra were compared to those of known complexes having similar structural
features.

Electronic absorption and emission spectroscopy for the d* complex systems can
simply be explained by the Franck-Condon principle [140). When light is absorbed, an
excited species is created with redistributed electron density within the molecule. As the
movement of the electron is faster than the adjusting nuclei of the absorbing species, a
new electronic field is generated by excitation. Figure 3.9 illustrates the potential wells of
the ground and excited states of a molecule. For absorption of light, the electronic

transition is from the ground vibrational energy state of the ground electronic state to an



Figure 3.9: Potential energy wells for a ground state and an excited state [140).

excited vibrational energy state of the excited clectronic state (upper). For the case of
emission of light, the electronic transition s from the excited vibrational energy state of
the lower excited electronic state to the ground vibrational energy state of the ground
electronic state. The transitions are depicted in the Figure 3.9 by the vertical arrows for

both absorption and emission.

3.5.1 Monometallic complexes
Figure 3.10 represents the absorption spectra of all monometallic ruthenium polypyridyl
complexes synthesized for this study. As seen in this figure the absorption region around

260-320 nm is for the 7-x* transitions for al bpy ligands, while the 311-410 nm region
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Figure  3.10:  Electronic absorption  spectra  of  [Ru(Me-pybim)(bpy)a]™’,

T, [Ru(M i T, and Ru(bpy)®* (ca. 7.5x10° M) in

CH;CN at ambient temperature.

corresponds to the 1-n* transitions for the benzimidazole and benzothiazole ligands, and
the 390-520 nm region s due to MLCT bands for the dr-r* transitions. It is evident that
all the monometallic complexes show similar MLCT bands except, for the
[Ru(pybtz)(bpy):]** complex, whose MLCT absorption band was shifted slightly towards
the lower energy region. This shifting of absorption maxima for [Ru(pybtz)(bpy)2]**

might be related to the pybtz ligand's m-acceptor strength (metal to pybtz ligands -

backbonding) which is indicated by the redox potentials from the cyclic voltammetry
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Figwe 3.11: Electronic emission spectra  of  [Ru(Me-pybim)(bpy):*',

T, [Ru(Mq i T, and Ru(bpy)s®* (ca. 7.5¥10° M) in

CH;CN at ambient temperature.

relative 1o those for [Ru(Mex-pybbim)(bpy);I*". On the other hand for [Ru(Mer
pybbim)(bpy)z]*", the lower energy of the 7-x* transition for the Me;-pybbim ligand can
be attributed to the extended 7 conjugation relative to Me-pybim and pybtz.

Emission spectra of the monometallic complexes are shown in Figure 3.11. It can
be scen that the emission bands for the benzimidazole and benzothiazole complexes are
quenched and shifted to lower energies relative to Ru(bpy)s*". The emission bands at 681

and 690 nm for 1**and [Ru(M i J?* are at lower
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Figure 3.12: Electronic absorption spectrum of [Ru(Mez-pybbim)(bpy):]** in acetonitrile

under Ny and in the absence and presence of HCIO, at ambient temperature.

energies than that of [Ru(Me-pybim)(bpy):]*' (630 nm). This red shift for
[Ru(pybtz)(bpy):]** can be explained by the z-acceptor strength of the pybtz ligand that
enhances n-back donation from the metal to ligand [Ru(dn) to pybtz (x*)] causing a
more stable *MLCT state compared to that of [Ru(Me-pybim)(bpy):]*'. For [Ru(Mex-
pybbim)(bpy)2]*, the shift of the MLCT band to the lower energy is related to the Mex-
pybbim ligand’s extended 1 conjugation, which allows better delocalization of the

MLCT excited state, that is associated with a decrease in non-radiative decay relative to
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[Ru(Me-pybim)(bpy)2]** [141]. This is also supported by the redox potentials from CV

relative to those of [Ru(Me-pybim)(bpy):]*". Figure 3.11 shows that quenching of the

excited states of the monometallic ruthenium polypyridyl complexes follow the order of
Me-pybim <Me-pybbim <pybtz, which may arise due to the difference in the energy
gaps between "MLCT-*MC states.

The Mex-pybbim ligand has one uncoordinated -N- and is obviously susceptible
1o protonation. Figure 3.12 shows the effect of acid on the absorption spectrum of

[Ru(Mez-pybbim)(bpy)2]*". In the presence of just a drop of HCIO4 (11.0 M) added to a

solution of the complex in acetonitrile, the solution color changes from orange to an
orange-red color. In the absorption spectrum, the absorption due to ligand's -x* is
shified by 10 nm 1o lower encrgy (red shift. Also, the broad MLCT band at 464 nm is

blue shified to 450 nm and the

split into two peaks. The highest energy of the MLC
lowest energy one is red shified 1o 510 nm. I could be assumed that upon protonation the
ligand's LUMO me cnergy might have been lowered, that might cause this splitting and

shifting of the MLCT band to lower energy.
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Table 3.

complexes in acetonilrile at ambient temperature.

T (L) Ay Emission
Complexes (m) | (MLCT) ‘max (nm)
(nm) [excitation
a1 460 nm|
[Ru(bpy)s]* 288 422,457 610
[Ru(Me-pybim)(bpy):]~ 323,341 | 428.463 630
[Ru(pybtz)(bpy):] 325,350 | 442,485 690
[Ru(Mex-pybbim)(bpy): | 365 466 681
[1(bpy):Ru}2(Mex-pzbbim)|™ | 410,430 630
[{(bpy)2Ru:(Mex-py2bbim)] ™ | 363 RS 640
T{bpy)2Ru(pystbtz)]” 365,385 | 440,525 75
T{bpy):Ru] (pebbiz)]” Al | 660

energy gap of some monometalli complexes.

Absorption and emission maxima data for the monometallic and bimetallic

Table 3.4: Absorption, emission maxima, excitation wavelength and HOMO-LUMO

Complexes Ea Egn | HOMO-LUMO energy
@) (V) | gapevy
[Ru(Me-pybim)(bpy):]" 270 | 189] 230
Ru(pybtz)(bpy):T" 25 | 189] 223
[Ru(pybtz)(bpy).] 460
[Ru(Mez-pybbim)(bpy):I” 267 | 177] 222
‘ [Ru(bpy)s]” 270 | 201 235

*(Ex + Een)2 = Al



Table 3.5: Excitation wavelength, emission intensity, absorbance, and emission quantum

yields of some monometallic complexes in CHiCN at room temperature,

Complexes Excitation | Integrated | Absorbance | Quantum

al emission | at460nm | yield ®*
intensity

[Ru(Me-pybim)(bpy). ™ 2.5267x10 oI 0.022

[Ru(pybtz)(bpy):T” 10239107 | 011 0.0089

[RU(Mer-pybbim)(bpy):]” | 460 nm  [T6258x10 | 0.12 0013

Ru(bpy)(CI0); 58233107 | 0.097 0.062%

* For Ru(bpy)s™" in acetonilrile at room temperature [142]

A

a: Qan = 0y x [l x AJA x 0, he integrated emission intensities of the
sample, ¢, = quantum yield of the std. Ru(bpy)s, [u = the integrated emission
intensities of the std. Ru(bpy);”", n*/n,” = refractive index of the media. A, = Absorbance

of the sample, A = absorbance of the std. Ru(bpy)s™*.

Table 3.3 summarizes absorption and emission maxima for the monometallic and

etallic complexes studied. Tables 3.4 and 3.5 report HOMO-LUMO energy gaps and

the quantum yields of all monometallic complexes relative to Ru(bpy)s** in the same

solvent mixture as the standard [143]. It was found that quantum yield and HOMO-
LUMO energy gap for [Ru(pybtz)(bpy)a]*" is lower relative to [Ru(Me-pybim)(bpy).]'s
due to the pybtz ligand’s r-acceptor properties relative to the Me-pybim ligand. It is
interesting that the quantum yield for [Ru(pybtz)(bpy)2J** was found to be similar to that

of the

S- containing Ru(bth);™ (bth = 2,2“bithiazole) [144]. Whereas, [Ru(Mes-
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pybbim)(bpy):]** also shows a lower quantum yield and HOMO-LUMO energy gap

relative 1o [Ru(Mepybim)(bpy);]** and could be related to Me-pybbim ligand's

extended 7 conjugation (electron delocalization) relative to Me-pybim ligand. The
energy difference in *MLCT-'MC states for different ligands in the corresponding
complexes could be responsible for the low quantum yields and possibly for the low

HOMO-LUMO energy gap also.

352 Bimetallic complexes
352,10 [{(bpy):Ru}s(Me;-pzbbim)]" and
[{(bpy):Ru}(pzbbiz)]
Figure 3.13 illustrates absorption spectra for two pyrazine based bimetallic complexes,

for comparison between [ pzbbim)]* and [{(bpy):R bbtz)]". It

can be noted that for bimetallic complexes, the absorptions (extinetion coeflicient values)
are higher and the BL's x-x*, and MLCT bands are shifted to lower energy relative to
Ru(bpy);**. The region from 360 nm to 490 nm shows the characteristic bands for
pyrazine systems. It is also found that, the absorption spectra for both bimetallic

complexes are very similar to each other except that the lowest energy MLCT band at

630 nm for [{(bpy):Ru}(Mer-pzbbim)]*" is slightly blue shifted (30 nm) compared to

the ing 660 nm transition for [{(bpy):Ru}x(pzbbtz)]"*, which is in agreement

with the electrochemical propertis (redox poten
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190 390 590
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Figure 3.13: Electronic absorption spectra of  [{(bpy):Ru}2(Mex-pzbbim)]**,

[{(bpy)2Ru}x(pzbbtz)]"", and Ru(bpy)s*" in CH;CN at ambient temperature.

Figure 3.14 shows emission spectra of [{(bp) 1, and [{(bp:
pebbim)]** and provide the excited state properties of both complexes. Compared to the
emission spectrum of Ru(bpy),™*, neither of the complexes show significant emission
over the scanned wavelength region. The emission band could be possibly shifted out of
the scanned range and/or quenched. A shifting of the emission band can be explained by
the fact that, for bimetallic metal complexes with strong electronic interactions between
the two metal centers, their MLCT bands move to lower energy as the metal-metal

separation decreases [145]. However, both spectra were scanned up to 1000 nm and still
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Figure 3.14:  Electronic emission spectrums  of [{(bpy)2Ru}a(pzbbtz)],

[{(bpy):Ru}a(Mer-pzbbim)]** and Ru(bpy);” in CH;CN at ambient temperature.

no cmission was observed. From this observation, it can be assumed that both of the
emission bands are quenched. The possible mechanism for this quenching could be
related to the intermolecular clectronic energy transfer from the upper lying *MLCT
levels of the various components, which is a common phenomenon and has been reported

for the similar pyrazinyl ligand based complex [(bpy):Ru(dpp))(PFe): [146-147].
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1 R s 4o

3522 [{(bpy):Ru}a(pyatbtz)]" and

[{(bpy)Ru} (pzbbtz)]

£x10°(M.em™)

690 790

190 290 390

490 590
Wavelength (nm)

Figure 3.15: Electronic absorption spectra of Ru(bpy)s*", [{(bpy):Ru}a(pyatbtz)]", and

[{(bpy)2Ru}a(pzbbtz)]"" in CHyCN at ambient temperature.

The absorption spectrum of [{(bpy):Ru}a(pyatbtn)]** is compared with that of
[{(bpy):Ru}a(pzbbtz)]** in Figure 3.15. It can be seen that the MLCT band for
[{(bpy):Ru}2(pyatht)]** is splited into two peaks. Since the electrochemical studies
indicate that the first two reductions are associated with the pyatbtz ligand, the lower
energy MLCT absorption band is assigned to the Mdx —BL's #* transition and the

higher energy MLCT absorption band is attributed to the Mdx — bpy * transition. It can
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Figure 3.16: Electronic emission spectra of Ru(bpy)s™*, [{(bpy:Rula(pyattz)]' and

[{(bpy)sRu}a(pzbbtz)]" in CHyCN at ambient temperature.

be noted that compared to [{(bpy):Ru}x(pzbbtz)]"’, the MLCT band for
[{(bpy):Ru}(pyatbt)]"" is shifted to higher energy. This is consistent with the redox
potentials for the complexes. From X-ray crystallography data it was found that the Ru-
Ru distance for [{(bpy):Ru}a(pzbbtz)]'" is 6.89 A, but 9.13 A for [{(bpy):Ru}z-
(pyathtz)]"". Possibly a weak electronic interaction between the metal centers for
[{(bpy)2Ru}a(pyatbtz)]*" could shift the MLCT band to higher energy.

Emission spectra (sce Figure 3.16) for the complexes [{(bpy):Ru}a(pyathtz)]

and [{(bpy)sRu}(pzbbtz)]"" explained their excitation propertics. The emission bands
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for the bimetallic ! learly showed how the \ 1 di influence

the MLCT band. For example, the complex [{(bpy):Ru}a(pythtz)]* showed a very
weak cmission band at 735 nm, whereas [{(bpy):Ru}2(pzbbtz)]* did not have any
emission band in the scanned wavelength region. This result might be due to the strong
electronic interaction between the two metal centers in [{(bpy):Ru}(pzbbtz)]** due to a

lower metal-metal distance in the pzbbtz ligand relative to the pystbtz ligand.

3523 [{(bpy):Ruja(Mer-pysbbim)]

190 290 390 490
Wavelength (am)

Figure 3.17: Electronic absorption spectra of Ru(bpy)s™', [Ru(Me-pybim)(bpy).]"",

[Ru(M ', and [ pyzbbim)]** in CHyCN at ambient

n
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Figure 3.18: Electronic emission spectra of Ru(bpy)s™', [Ru(Me-pybim)(bpy). 1",

[Ru(M i 1%, and [{(by bbim)]** in CH;CN at ambient

temperature.

“The absorption spectrum of bimetallic [{(bpy)2Ru}2(Mex-pyzbbim)]** is compared to

spectra of the related ic complexes, [Ru(M i T** and [Ru(Mex-

pybbim)(bpy)2]*" in Figure 3.17. It can be seen that [{(bpy):Ru}a(Mez-py:bbim)]**
shows a MLCT band at a wavelength similar to the two monometallic complexes, but
with a higher extinction coefficient value. The higher extinction coefficient for
[{(bpy):Ru}a(Mer-pyzbbim)]** might be related to its bimetallic nature relative to the

other two monometallic complexes. The reason for having similar MLCT bands may be
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related to the fact that each of the parts behave independently like a single complex
[Ru(Me-pybim)(bpy):].

Figure 3.18 shows emission spectra of two monometallic complexes [Ru(Me-

T** and [Ru(M; i J** and a bimetallic ruthenium complex,
[((bpy)lel}z(Mq»py;bblm)]". It can be noted that the emission maximum for
[{(bpy)2Ru}2(Mez-pysbbim)]** appears at 640 nm, which is only 10 nm red shifted
relative to [Ru(Me-pybim)(bpy):]** (630 nm). The reason for this small shift of the
MLCT band for the bimetallic complex can be explained by the fact that in
[{(bpy):Ru}a(Mer-pysbbim)]** the two benzimidazoles are joined together by a sigma

bond, along which two chromophores can rotate and behave like the simple monometallic

0

Secoin
‘ A0
[ pyzbbim)]* [Ru(M I

Figure 3.19: Structures of [{(bpy);Ru}2(Mez-py2bbim)]** and [Ru(Me-pybim)-
(bpynf*.

complex [Ru(Me-pybim)(bpy)z]** (see Figure 3.19). The quantum yield and HOMO-

LUMO energy gap were calculated for this complex. The quantum yield of 0.011 is

13



smaller relative to that for the monometallic [Ru(Me-pybim)(bpy):]** complex (0.022).

Also, the HOMO-LUMO energy gap for [{(bpy):Ru}:(Mex-pyabbim)]'" (2.28 eV) is
very close to that for [Ru(Me-pybim)(bpy)2]** (230 eV). Both of these factors may be

related 10 its almost similar behavior with the complex [Ru(Me-pybim)(bpy):J** shown

in both emission and absorption spectra.

3.6 Conclusions

Monometallic complexes of ruthenium with Me-pybim, Me;-pybbim, and pybtz ligands

showed different MLCT bands in their emission spectra and similar MLCT bands in their

absorption spectra for dr-x* interactions. The variation of the MLCT bands mainly
arises from the differences in the t-n* transitions. For complexes with pybtz and Me;-

pybbim ligands, the MLCT bands are red shified and quenched rela

ive 10 the Me-pybim
complex. This could be due to stronger back donation, d-* with pybtz and extended &
conjugation with Mez-pybbim. These differences are also reflected in their quantum

yields and HOMO-LUMO energy gaps. For bimetallic ruthenium complexes with pzbbtz

and Me;-pzbbim ligands, it was found that the MLCT bands are nonemissive. Usually

strong metal-metal interactions, their MLCT bands are red

for bimetallic complexes
shifted because of the intramolecular electronic energy transfer from pper lying *MLCT

levels to the various components. However, for the bimetallic ruthenium complex with

the pyatbtz ligand, the emission band was found at 735 nm and for absorption the MLCT

bands appeared at higher energy relative 1o the pzbbtz and Mey-pzbbim ligand

containing metal complexes. A weak electronic interaction between the metal centers for




[{(bpy):Ru}a(pyatbtz)]** bimetallic complex could possibly be the reason that the MLCT

bands were not shifted to higher wavelengths.
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Chapter 4

Electrochemical CO, reduction by metal complexes

and product analyses



4.1 Introduction

m

s chapter describes the effect of the synthesized ruthenium monometallic and
bimetallic complexes on CO, reduction under electrochemical conditions. The cyclic
voltammograms under Ny (described in Chapter 3) were compared with those under CO;
1o observe the effect of the different ligands in the complexes for electrocatalytic
activities of CO; reduction. Cyclic voltammetry is generally considered as one of the
most convenient and informative techniques for the evaluation of electrocatalysts. An
active catalyst can be identified and evaluated by monitoring changes in its cyclic

voltammogram in the preser

ce of COy; for example, an increase in the cathodic current,

change of the shapes of the CV, growth of new peaks, and/or shift of potentials can give

evidence of catalytic activities. The reverse peak of the cyclic voltammogram 1

oht
become small [11] (if the product is chemically removed from the vicinity of the

electrode) or could disappear (if the produc

is converted to another product by a fast
forward chemical reaction). Thus to elucidate the reaction pathways and to provide
chemical information about reaction intermediates, cyclic voltammetry could play an
important rule. Also, the technique can yield kinctic information such as rate laws and
constants. Other information may be obtained from electrolysis experiments under CO;,

and product analyses. By calculating the faradaic yield of each of the products, the

catalytic performances of the electrocalysts can be revealed.



4.2 Electrochemical measurements under CO,

Al electrochemical measurements under CO were carried out using a Pine Instruments
AFCBPI bipotentiostat in CH;CN/0.1 M EGNCIO,, unless otherwise mentioned. A
three-chambered gas tight glass electrochemical cell was used with a gas inlet and outlet,

and with a flat bottom having a Pt wire connection for an Hg pool electrode. The counter

electrode chamber was separated from that of the working clectrode by a porous glass

fit. An Oxfiee environment was maintained by purging the cell with Ny prior to

electrochemical experiments (~10 min) and then the cell was purged with CO; [Air

L

ide, 99.8% (bone dry grade)].

4.2.1 Monometallic complexes

4.2.1.1 Ru(bpy)s™*
Figure 4.1 shows cyclic voltammetry of Ru(bpy);*" in the presence of N; and CO,. The

CV with three one clectron reversible reduction peaks under Ny shows significantly

different features from that under CO». The first reduction peak remains reversible with

no increase in current. The second peak becomes quasi reversible with a very small

inerease in current. The third one is completely irreversible with a large

current, which is an indication of catalytic behavior.
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Figure 4.1: Cyclic volammograms of | mM Ru(bpy)s(CI0y)z in CH;CN/0.1 M EUNCIO,

containing 1% water under N; and CO, at a glassy carbon electrode (at v = 100 mV/s).

|

‘ 4212 [Ru(Me-pybim)(bpy), |

| Cyclic voltammetry for the reduction waves of [Ru(Me-pybim) (bpy):]* [see Figure 4.2]
show that, in the presence of CO; all three peaks are smaller with no significant shifts in
potentials. So this complex can be considered as an inactive catalyst for electrochemical
€O, reduction. It should be mentioned here that similar results were reported by Tanaka

ctal. [77] for a complex with a similar stucture.
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Current (mA)

Figure 4.2: Cyclic voltammograms of | mM [Ru(Me-pybim)(bpy);

CHCNO.I M
EUNCIO, containing 1% water under N, and CO; at a glassy carbon electrode (at v =

100 mV/s),

4213 [Ru(Mey-pybbim)(bpy):|”*

ure 4.3 shows significant changes in the cyclic voltammetry for all the reduction
waves of [Ru(Mex-pybbim)(bpy);]** in the presence COz. This complex shows three

reversible reduction peaks under Ny, In the pre:

nce of CO, the first peaks become

irreversible with a slightly increased cathodic current and the cathodic peak potent

is
shifted in the negative region by 20 mV. The second peak also becomes irreversible with

a large increase in the cathodic current (almost two times that under N2) and the cathodic



Current (mA)

-1 0.5 0
vs. Ag/AgCl (V)

Poten

‘ Figure 4.3: Cyclic of 1 mM [Ru(M I in CHCN/O.1
| M EUNCIO; containing 1% water under Ny and CO; at a glassy carbon electrode (at v =

100 mV/s).

potential is also shifted negatively by ca. 60 mV. The third peak exhibits an even larger

increase in cathodic current. It can be deduced that this complex has good catalytic

activity in the presence of CO. It was suggested that, the asymmetric nature of the ligand
could be the reason for the high activity of this type of complex, which would have
possibly provided a coordination site for CO; by dechelation [77]

‘The benzimidazole complex [Ru(pybbim)(bpy)2]** shows different behavior (see

Figure 4.4) from that of the methyl-benzimidazole complex [
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Figure 4.4: Cyclic voltammograms of 1 mM [Ru(pybbim)(bpy):

in CH,CN/0.05 M
EUNCIO; containing 1% water under Ny and CO; at a platinum electrode (at v = 100

mvss).

The pybbim-containing complex actually showed a lower catalytic effect on

electrochemical CO; reduction than that of the Mex-pybbim contai

g complex. The

t peak becomes irreversible under Na, which in the presence of CO; still maintained
its irreversibility with a shift to cathodic potentials by ca. 50 mV. The second peak
remained reversible with a slight increase in current and a positive shift of the formal
potential by ca. 10 mV. The third peak also remained irreversible with an increase in
current. In the presence of CO; it seems that this complex behaved similarly to

Ru(bpy):™".
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Figure 4.5: Cyclic voltammograms of 1 mM [Ru(pybtz)(bpy):]** in CH/CN/O.I M
ELNCIO, containing 1% water under N; and CO; at a glassy carbon electrode (at v = 100

mVs),

J** showed a profound ic effect on CO; reduction relative

10 that of the similar Me-pybim complex [see Figure 4.5]. It can be observed from Figure
4.5 that all three reversible one electron peaks under N became irreversible under €O,
For the first peak, the current found increased by almost a factor of two with a slight (ca.

10 mV) n

gative shift in potential. It is definitely an indication of an electrocatalytic

process. For the second peak, the current increases to almost four times as high as that




under N with a shift in the cathodic potential by ca. 90 mV. The third peak is also shifted
under the scanned potential region with an increase in current. It i interesting to mention

here that the electrocatalytic effect of

2 on the first wave was found to be variable

when this experiment was repeated, a little electrocatalytic act

ity was observed for the

first wave in most experiments.

4.2.2 Bimetallic complexes

422.0 [{(bpy):Ru}s(Mey-pysbbim)]*

Current (mA)

2 15 - 0.5 0
Potential vs. Ag/AgCl (V)
Figure 4.6: Cyclic of 1 mM [{(by Me-py;bbim)|"" in

CH,CN/0.1 M BuNBF containing 1% water under N; and CO; at a glassy carbon

electrode (at v = 100 mV/s).
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Cyclic voltammograms of [{(bpy):Ru} :(Mex-pyzbbim)]* in the presence and absence of

CO; show the activities towards CO; reduction (sec Figure 4.6). Under €Oy, the first
peak became quasi-reversible to imeversible, with a slightly enhanced cathodic current,
“The second peak became irreversible and the cathodic potential was shifted by 30 mV to
Tower potentials with an enhancement in the cathodic current. All of these things
indicated that this complex is active for CO; reduction. The mechanism for this kind of
activity might be related to the asymmetric nature of the ligand as was also reported by

Tanaka et al. [77] for similar complexes [see Figure 4.7).

[LRu(dmbbbpy IPFJ:
'
[
2
(L=tpy)

Figure 4.7: Structures and cyclic voltammograms of 0.3 mM 1 or 2 in 0.1 M

BuNBF/McCN at a glassy carbon electrode (3.0 mm) under Nz (—) and CO;

atmospheres. Scan rate = 50 mV/s. Reproduced with permission from Chem. Commun.

1998, 249 [77]. Copyright ©1998 Royal Society of Chemistry.
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The formal potentials for this complex are an indication that the Mez-pyzbbim
ligand has strong -clectron donating properties. The possible activation of CO; by this
complex can be explained by the reduced form of the ruthenium center having high
enough electron density to dechelate cither Mex-pysbbim (similar to Tanaka's catalyst

[77)) or the bpy ligand to provide a coordination site on Ru for CO; activation.

Current (mA)

s

-5 -1 0.
Potential vs. Ag/AgCl (V)

Figure 4.8: Cyclic of I mM [ bbim)]" in CH;CN/O.1 M

BusNBF, containing 1% water under N and CO; at a glassy carbon clectrode (at v = 100

mVis).

The benzimidazole complex [{(bpy):Ru}(pyzbbim)]* showed different behavior
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from that of the methyl-benzi complex [ pyzbbim)]" as
described in the Figure 4.8. In the presence of Ny this complex showed three reduction
waves [similar to what was mentioned by Haga et al. [99 (@)]. In the presence of CO; the
first two peaks were both shified to more negative potentials and became coincident. The
second peak became quasi-reversible with a negative shift in the formal potential by ca.

50 mV and an increase in current. The second peak showed irreversiblity with no

subsequent increase in the cathodi

4222 [{(bpy):Ru}a(pyathtz)]"

Current (mA)

Potential vs. SCE (V)

Figure 4.9: Cyclic voltammograms of 1 mM [{(bpy):Ru}2(py2tbtz)]"" in CH,CN/O.I M

EUNCIO; (1% water) under Nz and CO; at a glassy carbon electrode (at v = 100 mV/s).
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Figure 4.9 shows cyclic voltammograms of the complex [{(bpy):Ru}a(pyathtz)]*" in the
presence of CO, and Na. Under CO, the first peak became irreversible with a substantial
increase in current (almost two times that under Na) and the potential s shifted negatively
by 10 mV. This shift in potential and increase in current are an indication of an
electrocatalytic process. The second peak was found to be irreversible with an increase in
catalytic current almost three times as high as that under Na. On the other hand the third

peak demonstrated a large increase in the cathodic current. This is obviously very good

electrocatalytie behavior.

“The profound electrocatalytic effect shown by this complex could be explained by
the fact that there is a weak electronic interaction (from AE® of CV) between the metal
centers and the pyatbtz ligand acts essentially individually with each of the ruthenium
centres, which results in similar behavior to that of the monometallic complex
[Ru(pybtz)(bpy)2]*". It i interesting that during the reduction under N; electron density
seems not 1o be delocalized over the pyatbtz ligand (which would have shown two

reduction waves instead of one).

4223 [{(bpy):Ru},(Mes-pzbbim)]"*
A different scenario is shown for [{(bpy):Ru}:(Mez-pzbbim)]"" in the presence of CO,

from those of the two other bimetal

complexes [see Section 4.2.2.1 and 4.2.2.2]. Figure
4.10 shows the cyclic voltammograms (under N and CO,) where the first two reversible
peaks become irreversible under CO; with a slightly shift in the cathodic potential to the

negative region. But when these peaks were scanned individually, both of them showed
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Figure 4.10: Cyclic voltammograms of 1 mM [{(bpy):Ru}:(Mex-pzbbim)] in
CHLCN/0.1 M EGNCIO; containing 1% water under Nz and CO; at a glassy carbon

electrode (at v = 100 mV/s).

reversible behavior. On the other hand, the third peak maintai

ed its reversibility with a
shifting in cathodic potentials to the positive (ca. 60 mV) dircction with subsequently no.
increase in the cathodic current. The Mey-pzbbim ligand of this complex is highly -
accepting in nature and the stronger w-back donation should have made the Ru centre less
electron rich which in turn could support preservation of the ligand and would reasonably
inhibit binding of CO; to the Ru centre. All these combined effects might be expected to

result in the inactivity of the complex towards electrocatalytic reduction of CO;.
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Figure 4.11: Cyclic voltammograms of 1 mM [{(bpy):Ru}x(pzbbtz)]** in CH;CN/0.1 M
Bu,NBF; containing 1% water under N; and CO; at a glassy carbon electrode (at v = 100

mvs).

The cyclic voltammograms in the Figure 4.11 for [{(bpy):Ru}x(pzbbtz)]*" under N and
€O, show similar behavior o that of [{(bpy):Ru}x(Mezpzbbim)]*". Under CO, all three

reduction peaks mai

ined their reversibility with no increase in current or shift in

potentials. The pzbbtz ligand has good x-acceptor characteri

creating low electron
density on each Ru centre that inhibits bonding with CO. This complex is therefore not

an effective catalyst for CO; reduction.
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43 Discussion

" and [{(bpy):Ru}z

Complexes with the benzothiazole moiety ¢.g., [Ru(pybtz)(bpy
(pyatbtz)]* showed profound activities (in the CV) on CO; reductions relative to

 and  [{(bpy)sRu}a(M

complexes e.g., [Ru(M
pzbbim)]*". Compared to the bimetallic complexes, the monometallic complexes showed
higher current in the first reduction waves under COs, which was similar to Tanaka's
catalysts [77).

“The profound electrocatalytic effect for [Ru(pybtz)(bpy)2J** under CO; could be
due to reaction of CO; at the benzothiazole moiety or promotion of ligand loss. After the
first reduction, the electron would be largely localized on the thiazole ring. so possibly
CO; could then react at the benzothiazole moiety. However, computational studies [148]
did not show any strong evidence for interaction between CO; and the reduced
benzothiazole ligand to support ths hypothesis. Alternatively, electron localization on the
thiazole ring after the first reduction could lead the dechelation of one of the bpy’s (see
arrow on the structure of the [Ru(pybtz)(bpy):I*), resulting in activation for CO;

reduction.

Q0
¥

RUC0J;
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Figure 4.12: Cyclic voltammograms of 1 mM [(bpy):Ru(tz)

NCIO, containing 1% water under N2 and CO; at a glassy carbon electrode (at v =

100 mV/s).

In order to further investigate the activity of bithiazole containing complexes for

€O, reduction, the use of [(bpy):Ru(tz)]"" (tz = 2.2"

iazole) ligand could provide
further evidence [149). Figure 4.12 presents cyclic voammograms for [(bpy):Ru(tz)*
in the absence and presence of CO;. For the first reduction wave, the one-clectron
reduction of [(bpy):Ru(tz)]*" did not produce any catalytic current for CO; reduction.
“This could be due o the fact that the electron density s now shared by two thiazole

fragments. The resulting lower electron density on cach thiazole fragment might not be
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Figure 4.13: Cyclic voltammograms of 1 mM [Ru(tz);]** in CH;CN/0.1 M ELNCIO;

containing 1% water under N; and CO; at a glassy carbon electrode (at v = 100 mV/s).

sufficient to dechelate one of bpy ligands. Afier the second reduction, the electron would
be largely localized on bpy ligands, but could also add to the electron density on the
bithiazole. This additional electron density is obviously responsible for CO; activation at
the ruthenium center. It might promote dissociation of one of the bpy bonds on Ru, so
that CO; can coordinate to the Ru centre.

Cycelic voltammetry for [Ru(tz)s** in the absence and presence of CO; is

presented in Figure 4.13. It could provide further evidence of the binding of CO; to the

ruthenium centre. In this case, high activity for CO; reduction was only observed on the
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third reduction wave. Since this complex contains six thiazole rings, any added clectrons
will be delocalized over the three bithiazole ligands, resulting in less electron density on
cach ligand for the first two reductions. Thus, addition of a third electron is required for

CO; activation.

4.4 Electrolysis and product analysis of complexes under CO,

To evaluate the electrocatalytic activities for cach of the complexes, electrolysis (at a
fixed potential) was performed and the electrolyzed products were analyzed to evaluate
the mechanistic pathways to the formation of those products. The electrolyses were
performed at an Hg pool electrode with anhydrous grade acetonitrile (99.8%, Sigma-
Alrich) as the solvent. Most of the complexes were electrolyzed under COs, however
only [{(bpy):Ru}(pytbtz)]"* yielded electrocatalytic products with satisfactory and

reproducible results.

44.1 Electrolysis of [{(bpy):Ru}x(pytbtz)]" under CO,

A three-chambered gas tight glass electrochemical cell was used with a gas inlet and
outlet. The cell consisted of a flat bottom having a Pt wire connection for an Hg pool
electrode (W.E.) (distilled three times). The counter electrode chamber was separated
from that of the working electrode by a porous glass frit. The outlet portion of the cell
was connected 1o a “V-shaped™ glass tube which contained [PdCl; in HCI (12.0 M) (1

mL) + AL(SO);s (10%, 10 uL.)] solution. The gas from the outlet was bubbled through



this solution in order to detect and measure the amount of CO produced by a
spectrophotometric method [150). An Ox-free environment was maintained by purging
the cell with Ny prior o clectrochemical experiments (~10 min) and then the cell was
purged with COx. Electrolysis of [{(bpy):Ru}a(pyatbtz)] was  performed  under

potentiostatic control at -1.46 V vs Ag/AgCl

a current of 10 mA. A total charge of
145 C was passed during the electrolysis process. The electrolysis was carried out for ~2
I the current dropped slightly during the first 6 min and remained constant throughout
the rest of the experiment. The electrolysis was performed at room temperature (<25 °C)
with 1 mM of [{(bpy):Ru}(pystbtz)]*" in 0.1 M BuiNBE/CH;CN solution (17 mL) in
the presence of 2.5% water (as addition of 2.5% water shows highest increased current).
However, addition of more water did not enhance the current significantly. This
observation indicates that the presence of a proton donor influences the electrocatalytic
reduction of CO5. A CO; flow rate of ca. 60 mL/min was maintained throughout the
whole electrolysis. During the electrolysis the complex changed its color from dark
purple to faint red and some precipitation was observed. A slow evolution of tiny bubbles
was seen from the surface of the Hg electrode which was very fast at the beginning of the
reaction. Afler the electrolysis, a few drops of NH; solution were added in order to make
the solution basic. The mercury was removed and the solvent of the reaction mixture was
distilled by rotary evaporation and the residue was suspended in 3 mL water and the
remaining material (electrolyte + complex) was removed with a Chromspec Syringe
Filter (13 MM PTFE 0.2 pm). Oxalic and formic acid were determined in the agueous

phase.
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Figure 4.14: HPLC chromatograms for separation of: A) standards; B) formic acid, and

C) oxalic acid from an solution of [ b

1" (1 mM) in CO,
saturated CH;CN/0.1 M Bu;NBF, under wet conditions at an Hg pool electrode.

Separation and quantification were performed by HPLC with an Agilent 1100
series Eclipse instrument with an XDBC-18 (5 um and 4.6x 250 mm) reverse phase
column and coupled to an Agilent 1100 series G13158 Photodiode Array Detector with
UV detection at 210 and 214 nm for formic and oxalic acid, respectively. Acetonitrile (5
9%) was employed together with phosphate buffer [KHzPOs (S0 mM) + HiPOx] at pH =

2.45 as an isocratic eluent. A flow rate of ca. 0.9 mL/min and pressure of 150 bar were

used.
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Figure 4.14 shows HPLC chromatograms of the electrolyzed solution of
[{(bpy)2Ru}(pyatbtz)]*". The retention times of the electrolyzed solution were compared
with those of the standards. It can be seen that addition of standards to the electrolyzed
solution gave a continuous inerease in absorption peaks having similar retention times to
those of the sample peaks, indicating the presence of formic and oxalic acid in the
electrolyzed solution. Figure 4.15 and 4.16 represents the standard addition plot for
quantifications of formic acid and oxalic acid. Faradaic efficiency for the formation of
formic acid (calculated from the ratio between the charge necessary to produce the
measured quantities of formic and oxalic acid {two-electrons/mol = 100 %} and the total
charge passed during the electrolysis process) was found to be ca. 10% and that for oxalic
acid was ca. 2%. No CO was detected in the exhaust gas. The presence of other gaseous

products (¢.g., Hz) was not investigated.

442 Discussion

[{(bpy):Ru}a(pyatbtz)]" showed moderate activity for CO; reduction. The required
proton sources for the productions of formic and oxalic acid could be from the added
water [37, 46, 75, 151]. It was anticipated that during the electrochemical reduction of
€O, by metal complexes, the initial step might be the formation of M-CO; adducts (key
intermediate) [152-153], which in the presence of a proton source produces a stable M-
CO bond via the formation of a [M-C(O)OH] intermediate [44, 67-68(a), 152-154].

According to Meyer et al. [44] metal complexes with polypyridy! ligands might provide

the site for the initial reduction. Formation of this stable M-CO bond was thought to be a
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Scheme 4.1: General cycle for the production of various products d
CO; reduction by metal complexes with acyelic ligands as electrocatalysts. Reproduced
with permission from Coord. Chem. Rev. 1996, 148, 221 [152]. Copyright © 1996

published by Elsevier Science B.V.

possible route for the CO expulsion to multiple-electron reduction products [79]. For
[{(bpy):Ru}a(pyatbt)] ", oxalate could be formed by the development of five-
coordinate Ru by the dechelation of the pyathtz/bpy ligand, similar to the mechanism
reported by Tanaka et al. [77] for their bimetallic Ru complexes. The five-coordinate Ru
complex could provide binding sites for CO; to attack, followed by coupling of two anion

radicals of CO; to oxalate. It was found that oxalate formation with other bimetallic metal




complexes followed the same mechanism [19), whereas in the presence of a proton

source, formate can be produced.

Faradaic ~ efficiencies for the oxalate and formate formation by

[{(bpy):Ru}(pyathtz)]** were found to be low relative to Tanaka's catalysts [77]. There

could have several explanations for low faradaic yields such as:

i)

iv)

vi)

vii)

“There must be some other products formed during the electrolysis according

10 the Scheme 4.1, as there are multiple ways to the formation of other

products.

Ha may be produced during the clectrolysis as some bubbles were seen to be
coming out from the surface of the Hg pool electrode (in the first few minutes).
Decomposition of the complex might have lowered the faradaic efliciencies for
formic or oxalic acid (as some precipitation were observed and the color of the
electrolyzed solution was found to be changed after the electrolysis)

If the decomposition occurred, there is the possibility of formation of ligand
carboxylated products.

CO; can itself bind onto the Ru centre and form a stable Ru-CO; complex.

“The formation of a less stable intermediate state during the reaction between the
€O and the [{(bpy):Ru}:(pyatbtz)]'" as the ruthenium centre has low electron

donating capability due to the ligand pystbtz’s m-acceptor nature [153(d)).

4.5 Conclusions

Benzothiazole complexes of Ru exhibited remarkable electrocatalytic activity for CO;



reduction (from the CV's). It was found that structural variations influence this activity

but all benzothiazole complexes exhibit much higher activities than the corresponding
benzimidazole complexes. On the other hand, pyrazine ligand based benzothiazole/

benzimidazole bimetallic complexes did not show any appreciable activity for CO;
reduction, whereas pyridine ligand based benzimidazole/benzothiazole complexes

showed high activitics. It was observed that the variation of substituents on the

benzimidazole ring has an effect on electrochemical CO; reduction. For example, Me-

substituted benzi ies for CO; reduction than the

idazole complex showed more acti
corresponding benzimidazole complexes (in the CV). This could be related to the
electron-donating nature of the -Me- group 78]

Electrolysis of [{(bpy):Ru}(pyatbtz)]** was performed in the presence of CO,.

Oalic and formic acids produced in catalytic products. No other products were detected

from the electrolyzed solution. The istic features of the cyclic
under Ny and CO;, the recovery of the original CV afler purging the CO; saturated
solution with N and the formation of electrocatalytic products upon electrolysis, are
indications of an ECe process. Interestingly, this is the first benzothiazole based
bimetallic complex that showed the electrocatalytic activities towards CO; reduction to
the best of our knowledge. The reported system opens a path for benzothiazole based
transition metal catalysts for CO; reduction, although faradaic efliciencies were found to
be low. Additionally benzothiazole complexes of Ru exhibit electrocatalytic activity for

CO; reduction at a moderately low cathodic overpotential.



Chapter 5

Electrochemical reduction of CO, by fluorene-9-one



5.1 Overview of electrochemical reduction of CO, by aliphatic and
aromatic ketones

The electrochemical reduction of

20, has been a field of paramount interest for more

than fifty years, not only for producing alterative energy sources, but also for the

inexpensive production of carboxylated products for industrial applications. CO; is a
widely available and thermodynamically stable molecule that can be used as a reactant in
the electrochemical reduction of aromatic and aliphatic ketones. A significant amount of
work has been done (and patented) in order to produce fine chemicals from the
intermediate -hydroxyacids of aromatic ketones [155-156]. For example, the widely
known nonsteroidal anti-inflammatory drugs (NSAIDs) 2-arylpropanoic acids (e.g.
ibuprofen and fenoprofen) [40] are produced during the electrocarboxylation of aromatic

ion

Ketones [155]. Wawzonek and Gunderson [157] pioneered the electrochemical redu
of CO; by aromatic ketones. Unlike some other methods, the electrochemical route
presents the advantage of not using phosgene and cyanides [155, 39] for the preparation

of these carboxylic acids.

5.2 Proposed mechanisms for electrochemical reduction pathways
of CO, by aromatic and aliphatic ketones
‘The electrochemical reduction of CO; by various aromatic and aliphatic ketones can lead

either to carboxylation or electrocatalytic reduction pathway, or sometimes both paths.

Some of these pathways and mechanisms are discussed below.

143



521 Electrocarboxylation

Electrochemical carboxylation of several aromatic and aliphatic ketones, such as

quinones, inones, benzil, esters

and some nitriles have been investigated and reported during the last fifty years [155,
158-159]. According to the literature reports, the products are mainly hydroxycarboxylic
acids, aleohols and pinacols that are produced from carbanions, radical anions and
dianions of aromatic/aliphatic ketones during the electrochemical carboxylation by
coupling, polymerization, displacement, and carboxylation reactions [160-161]. Halogen
[158] and methyl [162] substituted forms of these compounds have also been investigated

and it has been reported that compounds with electron-donat

g groups usually decrease
the yield of carboxylated products [163].

Some work on electrocarboxylation is patented [164, 165] for the synthesis of
compounds with specific applications, such as herbicides [166], fungicides [167] and
bactericides [168]. Electrochemical carboxylation has usually been performed using
sacrificial anodes, such as, Mg, Al, Zn and Fe [168-172] and cathodes such as Pt,
Au, Ni and graphite [170] in order to get higher yields of hydroxycarboxylic acids and
lower the rates of dimerization to pinacols. Although the use of sacrificial anodes
improves the product yields, selectivity and easy isolation, the dissolved metal on the
remaining aqueous solutions may yield a severe impact on the environment in the form of

‘metal pollution [156]. Use of a Hg pool electrode as a cathode can increase the selectivity

for formation of carboxylic acid derivatives, [173] but due to its high toxicity this

electrode material is often replaced by compact graphite [168] or stainless steel [174].



Furthermore, it has been reported that an unexpected ring carboxylation may also occur

during the electrocarboxylation of aromatic ketones in anhydrous media [175]. The yield
of this product is very low, but can hinder the separation of carboxyl products.
Aromatic radical anions are chemically stable in aprotic solvents and can act
cither as homogeneous electron transfer species or neucleophiles or both. When a radical
anion acts as a nucleophile, the reaction can follow an ECE (steps 1,2, 3 in Scheme 5.1) ‘
]

[176] type mechanism:

A+ e - A” W

K, - 2
A+ cop K1y (AcoOy @
(ACOO)™ + ¢ === (ACO0)?" 3

= - K
(ACO0)™ + A" === (Aco0p" + A (3)

Scheme 5.1: General mechanisms for the electrochemical carboxylation of aromatic

Ketones by CO, in non-aqueous solution. Reproduced from J. Braz. Chem. Soc. 1998,

9(2), 157 [176]. DOI:10.1590/S0103-50531998000200007.

reaction scheme the overall electrode process is composed of successive

ctrochemical, chemical and electrochemical steps. This mechanism is common for




most electrochemical carboxylation reactions of aromatic ketones. In addition to ECE

mechanisms, some others described ECE-DISP (steps 1, 2, 3' in Scheme 5.1)
mechanisms, where the starting material is regenerated in addition to other products

being formed. Other mechanisms, like EEC, ECEC, ECCE, DISPI [176], and DISP2

have also been proposed for the electrochemical carboxylation of aromatic and aliphatic

ketones.

522 Homogeneous catalysis

As was mentioned previously, an efficient electrocatalyst has the capability to both
aceelerate and participate in an electron transfer reaction. Redox potentials, current
efficiencies, clectron transfer rates and chemical kinetics are the parameters that

determine the effectiveness of an electrocatalyst [11]. The function of an electrocatalyst

(in homogeneous media) was discussed in detail in Chapter 1 and this section is limited

© ‘anumber of d their functi

s of aromatic nitriles, esters and

According to Genero et al. [177), anion ra

diketones [178] arc good candidates for the formation of oxalate and insignificant

amounts of carboxylated products. These are known homogencous redox catalysts for the
reduction of CO; in aprotic media and oxalate might be formed by coupling of two anion
radicals of CO;. In addition, Savéant [10] reported that an inner-sphere electron transfer

between CO, and these organic molecules could be responsible for the formation of an
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reduction by esters [10]. Reproduced with permission from Chem. Rev. 2008, 108, 2348.

Copyright © 2008 American Chemical Society.

intermediate to the anion radical of CO; [see Scheme 5.2]. The author concluded that in

the case of nitriles and esters, the electrocatalytic activity is by a “quasi-redox™ process,

where the intermediate product is an adduct between the anion radical of the organic
molecule (produced in the first step by transfer of an electron from the electrode surface)
and CO;. This adducts readily breaks down 10 produce the anion radical of €O, which

would eventually dimerize to give oxalate.
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Figure 5.1: Cyclic volammogram of methyl benzoate (2.6 mM) in DMF/0.1 M n-
BuyNCIO; in the absence (dotted line) and presence (solid line) of €Oz (26 mM). The

current scale is normalized relative to the cathodic peak current in the absence of €O, iy

Scan rate | V/s. Temperature 25 °C. Reproduced with permission from .. Am. Chem.

Soc. 1996, 118 (30), 7190 [177). Copyright ©1996 American Chemical Society.

For anion radicals of behaving as in

reactions, it is a general observation that currents in cyelic voltammograms are found to
be enhanced beyond the expected one-clectron/molecule stoichiometry, when occured
under a CO; atmosphere. Figure 5.1 shows a cyclic voltammogram, which depicts this

behavior, for an organocatalyst- methyl benzoate [177] under Ny and CO;.

148



5.3 Goals

C"Q

Fluorene-9-one (FI

Fluorene-9-one (FI) has been chosen as a model organoelectrocatalyst for this part of the
project. This structure has already been reported in such applications as a polymer unit
for organic light emitting diodes [179], unit for forming a conjugated oligomer with
dithiophene [180] ctc. Immobilized nitro-fluorenone [181] and its derivatives [182] can
act as electrocatalysts for NADH oxidation. However, the electrocatalytic activity of FI
for CO; reduction has not been reported so far. The main aims of this part of the project

were to investigate €O; reducton by Fl, ing the products of

the electrocatalytic processes, and elucidating reaction mechanisms.




54 E ical studies of fl 9-

541 UnderN,

Current (mA)

2.05 -1.55 -1.05 -0.55 -0.05
Potential vs. Ag/AgCl (V)

ure 5.2: Cyelic voltammogram of FI (5 mM) in CH;CN/0.1 M EUNBFs, under Nz ata

glassy carbon electrode, (v = 50 mV/s). Ag/AgCl (RE), Pt (CE).

Figure 5.2 shows the cyclic voltammogram of FI under Ny. The electrochemical
reduction of this compound occurs as two one-electron processes (peaks). According to
Elving et al. [183], electrochemical reduction mechanism for this kind of ketone follows

o successive steps. The

jal one-clectron reduction represents the reversible
reduction of F1 (o the free radical anion FI” (reaction 1). A further one-electron reduction

of the radical anion (FI") results in the formation of the dianion (FI*) (reaction 2), which



is chemically ireversible (no reverse peak). Similar behaviour was seen for
benzophenone under Na by Tsierkezos [184] and for quinones and anthraquinones by
Lehmann et al. [185]. The second step of this process may involve a chemical reaction
between the solvent and FI*.

Fl + ¢ = F M

FI'+ ¢ — FF o (2)

The clectrochemical reduction of FI under Na thus may be expressed as an EEC process,
where the first two steps are electrochemical and the third step, a chemical process. Table
5.1 summarizes the anodic peak potential (Eyu), cathodic peak potential (Exo), anodic and
cathodic peak current ratio (is/ire), and half-wave potential (E12) of the FUFI” couple and

the cathodic peak potential (Eq), and cathodic peak current (i) for FI'/FI*” couple.

Table 5.1: Potentials and currents for the first two reduction peaks of FI (S mM) in

CH;CN/0.1 M EUNBF at v = 0.05 V/s in Na-saturated solution.

Peak-1 Peak-2
FU FI” couple FI'/ FF* couple
Em(V) [Ex (V) [ ifipe ‘E\:(V) vy pe (A)

7 ‘431 Io.en ‘-w.za 178 ‘-].ZSxII}"




5.4.2 Under COy

Current (mA)

-2.05 -1.55 -1.05 0.55 -0.05
Potential vs. Ag/AgCI (V)

ic voltammograms of FI (S mM) in CHyCN/0.1 M E4NBF; under CO; (-~
~) and N3 (—) at a glassy carbon electrode, (v = 50 mV/s), AgAECI (RE), Pt (CE)
(shows both peak)

Electrochemical reduction of FI in the presence of CO; shows significant chany

cyclic voltammogram, relative to that under Ny, Before passing CO; through the cell, the
solution was purged thoroughly with N; for 5-10 min in order to remove Oy. Figures 5.3

and 5.4 show cyclic volammograms of FI before and after saturation of the solution with

CO; respectively. Under €Oy, a diffusion-limited current peak at 1.3 V' is enhanced to

twice the current observed in the Nz-purged solution. This increased current suggests that
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Current (mA)
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Potential vs. Ag/AgCl (V)

voltammograms of FI (S mM) in CH:CN/0.1 M ELNBFs, under CO3 (-
=) and N (—) at glassy carbon electrode (0.20 cm?) at the scan rate of S0 mV/s (first

peak),

(the

I reduction of FI changes from a one-electron under Na), 1o a two-clectron
process in the presence of CO;. The first reduction peak is imeversible, even at a scan
speed of 1V/s, whereas the second peak is absent (see Figure 5.3). Some specific points

were noticed on the electrochemical reduction of FI in the presence of CO:
1) The first peak appeared at a potential 40 mV more positive than under Na.

2) The first peak became irreversible, and the second peak disappeared or was

shified beyond the range employed.
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3) Quenching of the first anodic peak indicated that the rate-determi

step of the
overall process was fast compared to diffusion and that the consumption of the

substrate in the diffusion-reaction layer was negligible [186].

“The peak current for the first cathodic peak was almost twice the peak current

under Na. Tt of th I iggested that the anion
radical of Fl reacted with CO to give a new species (FICO;”) that was electroactive
under the reaction conditions.

‘The mechanism for the electrochemical reduction of CO; by FI can tentatively be

assigned as following cither

CEqw, ECEC, or ECECoy pathways. Catalytic options
are included here because of products observed in this work and other reports for similar
systems [185]. For the elucidation of electrocatalytic processes and the mechanism of the
formation of products during the electrochemical reduction of FI under CO; the

following studies could be undertaken:

i) Performing preparative scale electrolysis for determination of faradaic yields of
each of the products, or
i) Cyclic voltammetry at various scan rates, and

iii) Rotating disk voltammetry experiments at various rotation speeds.




5.5 Electrolysis of fluorene-9-one under CO,

Electrolyses of FI were performed under potentiostatic control at 1.2 V vs Ag/AgCL A
‘mercury pool electrode was used as a working electrode with a Pt wire counter electrode
(CE) and a saturated Ag/AgCl reference clectrode. The CE was scparated from the
catholyte by a glass frit. All the experiments were performed at room temperature (~25
©C) with S mM of Fllin 20 mM EUNBF/CH;CN solution. A CO; flow of ca. 70 mL/min
was used throughout all electrolysis processes as well as continuous stirring with a
magnetic stirrer bar. All reaction conditions were the same for all electrolyses, unless

otherwise mentioned.

5.5.1 Current and charge during the electrolyses

Current vs time responses obtained during an electrolysis of FI under CO; are illustrated
in Figure 5.5. The electrolysis was performed under anhydrous conditions. During the
electrolysis process, 11.12 C of charge was passed. It can be noted from the figure that

the current changed only slightly with time during the whole electrolysis

Also, during
the first few seconds the current was found to decrease but soon stabilized. This is
probably due to a balance being reached between depletion at the electrode and slow
diffusion, before a steady state is achieved. The observation of a steady state implics that
Fl s regenerated in a catalytic process. This reveals the catalytic behavior of the FI,
which was also supported by recovery of a significant amount of unreacted Fl after the

electrolysis.
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Figure 5.5: Current vs time response during the electrolysis of 5 mM Fl in CH;CN/20
mM ELNBF; (anhydrous), under COy, at 1.2 V vs Ag/AgCl at a Hg pool electrode

(1112 C passed).

Figure 5.6 represents the amount of charge passed with time during the
electrolysis of FI under CO; for anhydrous and hydrous (1% v/v water) CH;CN
conditions. As mentioned, under anhydrous conditions, 11.12 C of charge was passed.
The Q vs t plot was slightly nonlinear with R* = 0.9878 (see Figure 5.6 A); with 1%

water, 11.06 C of charge was passed (R= 1000, for Q vs t plot) (see Figure 5.6 B).
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Figure 5.6: Q vs t response during the clectrolysis of 5 mM Fl in CH;CN/20 mM
EUNBF,, under COy, at -1.2 V vs Ag/AgCl at a Hg pool electrode A) anhydrous (11.12 C

passed), B) 1% v/v water (11.06 C passed)
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552 Cyclic voltammetry of electrolysis solutions
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Figure 5.7: Cyclic voltammograms of S mM of FI in CH:CN/0.1 M EUNBF, at a glassy

carbon electrode (0.20 em?), scan rate of S0 mV/s (before electrolysis) under Ny and CO.

Figures 5.7 and 5.8 show cyclic voltammograms of S mM of FI in 0.1 M
ELNBF(/CHCN under N and COz-saturated solutions, before and afier the clectrolysis.

In the N:

saturated solution (see Figure 5.8), the reduction is reversible, with a slight
change i the formal potential (~24 mV) compared to the non-electrolyzed solution (see
Figure 5.7). As some of the solution evaporated (~2 mL) during the clectrolysis, iy seems

increased. The reversible behavior of Fl in the electrolyzed solution suggests catalytic
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Figure 5.8: Cyclic voltammograms of 5 mM of FIin CH;CN/0.1 M E4NBF4 ata glassy
carbon electrode (0:20 e, scan rate of 50 mV/s afer electrolysis at a Hg pool

electrode, at 1.2 V vs Ag/AgCl (12.8 C passed) under N> and CO,.

behavior, as a significant amount of FI was recovered. Whereas, in COy-saturated
solutions, the reverse peak is quenched before and after the electrolysis, and the cathodic
peak current was increased almost two-fold relative o that observed under N,

Figure 5.9 shows a cyclic voltammogram of an electrolyzed solution of FI under
€O A new irreversible peak is seen in the positive potential region (~ +1.1 V) with
enhanced current for this process (202 pA) compared to the cyclic voliammogram

collected under a N; atmosphere. According to Mizen et al. [187], the clectrochemical
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Figure 5.9: Cyelic voltammogram of an electrolyzed solution of 5 mM Fl in CHiCN/0.1
M EUNBF; at a glassy carbon electrode (020 cm?), scan rate of 50 mV/s afier

electrolysis under CO at a Hg pool electrode at -1.2 V vs A/AgCl (12.8 C passed).

reduction of 9,10-phenanthrenequinone under CO; can form an adduct between the
anion radical of the ketone and CO; that can be oxidized at positive potentials. So the
new peak at + 1.1 V may be due to the formation of an adduct between the dianion of FI
and CO. The reduction wave stil appeared as an irreversible wave, even after passing
12.8 C of charge. The cathodic peak current was quenched (ca. 230 jtA) and the cathodic
potential shifted slightly (ca. 14 mV) to positive potentials, relative to the non-
electrolyzed solution (see Figure 5.7). The irreversible reduction wave also revealed the

presence of a significant amount of Fl in the electrolyzed solution.

160




-0.05

Current (mA)

0.1
|
I

-0.15 f T T .
-1.63 -1.13 -0.63 -0.13 037 0.87 137
Potential vs. Ag/AgCl (V)

Figure 5.10: Cyclic voliammogram of an electrolyzed solution (12.8 C) of S mM Fl, in
CH,CN/0.1 M EWNBF at -1.2 V vs Ag/AgC at a glassy carbon electrode (0.20 '),

scan rate of 50 mV/s afier flushing with N; (ca. 2 h.).

Figure 5.10 shows a eyclic voltammogram of an electrolyzed solution, following
a thorough purge with Na. The process that appeared as an irreversible wave near -1.3 V
(see Figure 5.9), displayed reversible behavior when the CO; atmosphere was flushed
with Ny, The irreversible reduction wave returned to being reversible with a small
enhancement of the anodic peak. The current for the irreversible oxidation at +1.1 V
deceased (by ca. ~90 uA) relative to the original electrolyzed solution (sec Figure 5.10).

Recovery of the reversible behavior for the reduction at ~ -1.3 V wave and quenching of
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Figure 5.11: Cyclic voltammogram of an electrolyzed solution (12.8 C) of 5 mM FL, in

CHCN/OLI M

NBF, at -1.2 V vs Ag/AgCl at a glassy carbon electrode (0.20 cm?),

scan rate of 50 mV/s after exposure to air for several hours and then flushing with N;.

the oxidation wave (at +1.1 V) upon flushing the electrolyzed solution with N; suggested
that the adduct decomposed back to Fl, as was reported for 9,10-phenanthrenequinone by
Mizen et al. [187).

The electrolyzed solution was then kept open to the air for several hours to
promote oxidation of any oxidizable products and intermediates, and then flushed with
Na The resulting CV, shown in Figure 5.11, reveals that most of the Fl i recovered, as
the reduction wave returned to the initial, reversible shape and the oxidation peak was

greatly decreased. This shape of the CV is a characteristic of FI under Ny. The current for
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Figure 5.12: Cyclic voltammogram of an electrolyzed solution (12.8 C) of 5 mM FI, in
CH;CN/0.1 M EUNBF; at -1.2 V vs Ag/AgCl at a glassy carbon electrode (0.20 em?),
scan rate of 50 mV/s afier exposure to air for several hours, flushing with Ny and then

with CO,

the reduction wave increased (ip ca. 300 pA) and the peak-to-peak separation decreased.
This could be due 1o evaporation of solvent during (CO; flow) and afler the electrolysis
(open to air).

Figure 5.12 shows cyclic voltammograms collected for the same solution
described by Figure 5.11, but then flushed with N2 and then with CO2. An irreversible

peak was

observed at ~ -1.3 V with a slight shift in the peak potential, in the

positive direction. The eyelic voltammogram indicates that the recovered FI readily reacts




again with COy, retaining its electrocatalytic properties.

553 Product analysis by 'H NMR and GC-EIMS

“The solvent was removed from the electrolyzed solution (8.4 C, anhydrous conditions)
and the residue was separated by column chromatography (silica) using an ethyl acetate
and hexanes (5:95) solvent system. TLC indicated that the first fraction contained the
electrolyte, followed by an unidentified fraction, and unreacted FI. A 'H NMR (MeOD as
solvent) spectrum of the middle fraction is shown in Figure 5.13, contains a structure

whose chemical shifts and integration of the resonances match with those of 9-

hydroxyfluorene. 'H NMR (MeOD) & 7.69 (d, J = 7.5 Hz, 2H), 7.60 (d,

=74 Hz, 2H),

7.37 (4,J= 7.4 Hz, 2H), 7.30 (t, J = 7.4 Hz, 2H), 5.53 (s, 1H).
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Figure 5.14: 'H NMR spectra in MeOD of: 1) the solid residue from a FVCO;
electrolysis solution (1% water, 11.06 C passed); 2) 9-hydroxyfluorene; 3) FI; 4) 9-

hydroxyfluorene-9-carboxylic acid; 5) a standard mixture (2 drops from each 5 mM

solution) of F1, 9- and 9- -9-carboxylic acid.

For the electrolysis of Fl in 1% water and acetonitrile (11.06 C), the solvent was
removed from an electrolyzed solution (some portion) by distllation. The extracted, solid
residue was checked by TLC, which indicated four spots, including a new unidentified
fraction near the baseline, followed by electrolyte (second fraction), 9-hydroxyfluorene

(third fraction), and unreacted F1. Attempts to separate the unidentified fraction failed due
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Figure 5.15: GC-EIMS separation of electrolyzed solutions of: A) 11.5 C passed, hydrous

systems; B) 12.7 C passed, anhydrous system for S mM Fl, 20 mM of EL;NBFy under

COs. 9-carboxylic acid, and FI were identified as

products.




10 its low yield, so a small portion of the electrolyzed solution was used directly for 'H

NMR analyses (MeOD). For identification of the unknown fraction, the 'H NMR

spectrum of the electrolysis mixture was compared with the 'H NMR spectra (in MeOD)

of standards (5 mM) boxylic acid, 9 y and Fl and

a mixture (1:1:1) of these compounds, as illustrated in Figure 5.14. By comparing the

chemical shifts of the standards and the

ure, 9-hydroxy fluorene-9-carboxylic acid
was identified.

Also, GC-EIMS  (see Figure 5.15) was performed for the detection of 9-

boxylic acid and ¥ Solutions electrolyzed both
“wet” (1% water, 11.5 C) and anhydrous (12.7 C) acetonitile were used directly for

analysis. From the peak at m/z = 182 M", it was confirmed that one product was 9-

hydroxyfluorene, and from the molecular ion peak at m/z = 227 (M+1)", it was confirmed

that another product was 9-hydroxyfluorene-9-carboxylic acid.

554 Separation and quantification of 9-hydroxyfluorene and
9-hydroxyfluorene-9-carboxylic acid by HPLC

The electrolysis products were determined and quantified by HPLC using an Agilent
1100 series Eclipse with an XDBC-18 (5 um and 4.6 x 250 mm) reverse phase column
and coupled with an Agilent 1100 series G13158 Photodiode Array Detector at 254 nm.
A short guard column was also set up with the analytical column. For the mobile phase,
HPLC grade water and acetonitrile were used. Gradient elution was employed, with 80

mM aqueous acetic acid at (pH = 2.45) and acetonitrile with a flow rate of 0.90 mL/min.




Table 5.2 illustrates the gradients with time, stop time, and post time that were used for

the separation of and 9-carboxylic acid in the
electrolyzed solutions of FI (5 mM) under CO,. The initial pressure was set at 400 bar
and a sample volume of 5 uL. was injected. A standard addition method was used for the

quantification of each of the products.

Table 52: HPLC gradients used for the separation and quantification of 9-

d 9-carboxylic acid in the electrolyzed solutions of
FI (S mM) under CO»

Tnitial | 80 mM aquous acetic acid | Acctonitrile | Stop. Post time
time (min) (%) (%) (min) (min)

0 30 70

2 2% 72

3 2% 72 150 | 5.00

] 20 80

8 0 90

12 0 100




Absorbance (mAU)

4 6 8
Retention time (min)

Figure 5.16: Chromatographic separation of three standards (5 mM): @) 9-

9-carboxylic acid; b) 9- ©) Fl using CHiCN/80 mM

aqueous CHyCOOH eluent

Figure 5.16 shows the separation of a standard mixture of 9-hydroxyfluorene-9-

carboxylic acid, 9-hy and F1 (5 mM). The ing elution time of

cach of the standard compounds was used for identification and quantification of the
products in the electrolyzed solutions. Figure 5.17 shows the chromatogram of a non-
clectrolyzed solution of FI (5 mM) in CHyCN/20 mM EUNBF;, where the peak at 4.12
min s for the electrolyte ELNBF4 and the peak at a retention time of around 7.0 min is

for Fl itself.
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Figure 5.17: Chromatographic separation of a non-electrolyzed solution of FI (S mM) in
acetonitrile and 20 mM of EUNBF, using CH;CN/S0 mM aqueous CHCOOH as an

eluent

Figure 5.18 shows chromatograms of electrolyzed solutions of both hydrous (8.6
€) and anhydrous systems (12.7 C) of Fl in the presence of COs. The charge passed in

both of the electrol;

corresponds to one-clectron per Fl molecule. Itis clear from these

chromatograms that a large amount of Fl (ca. 80%) was recovered unchanged. 9-

y and 9-carboxylic acid were also identified together

with the electrolyte,
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Figure 5.18: Chromatographic separation of clectrolyzed solutions of: (A) 8.6 C passed,
hydrous system; and (B) 12.7 C passed, anhydrous system, of S mM FI, 20 mM of
ELNBF; in CH;CN/80 mM aqueous CH;COOH as an eluent. a) 9-hydroxyfluorene-9-

carboxylic acid, b) 9-hydroxyfluorene, and ¢) FI.
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Figure 5.19: Calibration plots for A) 9-hydroxyfluorene, and B) 9-hydroxyfluorenc-9-

carboxylic acid obtained by using acetonitrile and aqueous 80 mM of acetic acid as

gradient eluent
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Figure 5.20: Standard addition plot for the quantification of 9-hydroxyfluorene for the

electrolysis (8.06 C) solution of FI (S mM) in 20 mM of EGNBF; (anhydrous conditions),

by using acetonitrile and aqueous 80 mM of acetic acid as gradient eluent.

Standard addition was used for the quantification of each of 9-hydroxyfluorene

and 9-hydroxyfluorene-9-carboxylic acid that were produced during the electrolysi
well as to determine the amount of FI remaining. Figure 5.19 shows calibration plots for
both of the standards, and Figure 520 shows a standard addition plot for 9-
hydroxyfluorene for the electrolysis solution (8.06 C) of FI (S mM) in 20 mM of EuNBF
(anhydrous conditions) under CO, which is lincar, with R* = 0.9967. The 9-
hydroxyfluorene concentration was determined to be 22% of the initial amount of FI

(mol) with a RSD = 4.6%. For 1% water, 9-hydroxyfluorene was determined to be 31%

174



y=T71871x+ 20113+
R™=0.9817

0.02 0.03 0.04 005
Concentration added (mM)

0.01

Figure 5.21: Standard addition plot for the quantification of 9-hydroxyfluorene-9-

carboxylic acid for the electrolysis (8.6 C) solution of FI (5 mM) in CH;CN/20 mM

ELNBF (hydrous conditions), by using acetonitrile and aqueous 80 mM of acetic acid as

gradient eluent.

of the initial FI (mol) with a RSD = 7.6%.

Figure 521 shows a standard addition plot for 9-hydroxyfluore

-9-carboxylic
acid, under aqueous (1% water) and anhydrous conditions. It was quantified by HPLC to

be only 4.4% and 2.1%, respectively, 1o the initial concentration (mol) of FI used for the

electrolysis with R* = 0.9990 and R* = 09817 (Figure 5.21). Table 5.3 summarizes the
results for HPLC analyses of FI solution electrolyzed under CO,. Faradaic efficiencies

were calculated from the ratio between the charge necessary to produce the measured




quantities  of 9-carboxylic acid or (two-

electrons/mol = 100 %) and the total charge passed during the electrolysis process.

Table 5.3: HPLC quantification of products from the electrolysis of 5 mM FI in
CH;CN20 mM EUNBF; in CO, saturated solution. The charge passed in these

clectrolyses corresponds to one-electron per FI molecule.

Electrolysis conditions | Product (% conversion) | Product (% conversion)

[faradaic efliciency] [faradaic efficiency]
Anhydrous 9-hydroxyfluorene 9-hydroxyluorene-9-
(8.06 C charge passed) | (22%) ic acid
[43%] 18.8%]
RSD =4.6% RSD = 16%
1% viv water 9-hydroxyfluorene 9-hydroxyfluorene-9-
(8.6 C charge passed) 31%) carboxylic acid
21%)
61%]
[4.2%)
RSD =7.6%

555  HPLC separation and quantification of oxalic and formic acid
For the determination of oxalic acid/formic acid, many attempts were made to identify
and quantify these products. Initilly, GC-FID (see Figure 5.22) was used to characterize

these acids by derivati 10 their ing esters (by use of TMS

and at an initial column temperature of 10 °C). Although this method worked to some

176



y=12.726x +9.9031

R?=0.9929 |
20 |
|
15 | |
| |
>
210
5
0 . ) . |
0 02 04 0.6 08 1 12

Concentration added (mM)

Figure 5.22: Standard addition plot for quant

ication of formic acid by GC-FID method
in an electrolyzed solution (110 C passed, 1% water) of S mM FI, 20 mM of ELNBF,

extent for formic acid (faradaic yield ~28%) determination but did not work for oxalic
acid. Even for formic acid, the high concentration of electrolyte in the electrolysis
solution resulted in poor reproducibility.

HPLC was found to be much more suitable. For separation and quantification of
oxalic and formic acid, the HPLC and detector described in section 5.5.4 was used with
UV detection at 210 and 214 nm for formic and oxalic acid, respectively. Phosphate
buffer (KH:PO, (50 mM) + H;PO,) at pH = 2.45 was used as the eluent. Acctonitrile

(5%) was added 1o this buffer in order to decrease the back pr

e of the column. Thus
the buffer and acetonitri

e (95:5) mixture was used as an isocratic eluent at a flow rate of
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Figure 5.23: Chromatogram of a standard mixture of 5 mM oxalic acid and S mM formic

acid using 50 mM KH,PO/H;PO, at pH = 2.45 and acetonitrile (95:5) as the cluent,

ca. 0.90 mL/min. The pressure was set at 150 bar maximum during the separations. A

sample volume of 20.0 uL. was introduced through an injection loop.

Figure 5.23 shows the separation of a standard mixture of oxalic acid and formic

acid, while Figure 5.24 shows a chromatogram of an electrolyzed solution (8.06 C,

anhydrous system) of S mM Fl in CH,CN containing 20 mM ELNBF4 and saturated with

€Oz, The separations of the different components produced during the electrolysis

process are illustrated in Figure 5.24.
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ure 5.24: HPLC chromatogram of an electrolyzed solution (8.06 C, anhydrous system)
of 5 mM Fl in CH,CN containing 20 mM EUNBFs. The isocratic cluent was

KH;POJ/H;PO; at pH = 2.45 and acetonitrile (95:5). Peaks are tentatively identified as: a)

oxalic acid; b) not identified; c) not identified; d) not identified; ¢) 9-hydroxyfluorene-9-
carboxylic acid; f) EUNBF, (electrolyte): g) 9-hydroxyfluorene; h) FI and i) not

identified.
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Figure 5.25: HPLC chromatogram of an electrolyzed solution (8.06 C, anhydrous system)
of 5 mM of Flin CH;CN containing, 20 mM of EtNBFy. The eluent was KH,PO./H;PO:
at pH = 2.45 and acetonitrile (95:5) as isocratic eluent.
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ure 5.26: HPLC chromatogram of an electrolyzed solution (11.06 C, hydrous system)
of S mM F1in CH;CN containing, 20 mM of E&;NBF4. The eluent was KH,POL/H;PO; at

pH =245 and acetonitrile (95:5) as an isocratic eluent,
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Figure 5.27: Standard addition plot for the quantification of formic
electrolysis (11.06 C) solution of FI (S mM) in CHiCN/20 mM of EUNBF, (hydrous
conditions), by using 50 mM of KH;POY/H;PO, buffer (pH = 2.45) and acetonitrile (95:5)

as an isocratic eluent.

Figures 5.25 and 5.26 show expansions of the initial parts of chromatograms of §

mM of FI electrolyzed in CO, saturated anhydrous and hydrous (1% water) solutions,

respectively. Small peaks corresponding to oxalic and formic acid were identified by
standard addition with HPLC chromatographic separation. Figure 5.27 shows a standard
addition plot for quantification of formic acid from an electrolyzed solution of FI (5 mM)
in acetonitrile containing 20 mM of ELNBE, (11.06 C, hydrous conditions). The lincar

plot (R* = 0.9993) gave a formic acid concentration of 0.950 mM which corresponded to
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Figure 5.28: Standard addition plot for the quantification of oxalic acid for the
electrolysis (8.06 C) solution of FI (5 mM) in CH;CN/20 mM EtNBF; (anhydrous
conditions), by using 50 mM of KH;PO/H;PO, buffer (pH = 2.45) and acctonitrile (95:5)

as an isocratic eluent.

a faradaic yield of 28%. This result is also consistent with the GC-FID result (sce Figure

5.22).

Figure 5.28 shows a standard addition plot for quantification of oxalic acid from

an electrolysis solution of FI (5 mM) in acetonitrile containing 20 mM of Et/NBF, on
both anhydrous and aqueous (1% water) conditions. The standard addition plot (R =
0.9839) gave a oxalic acid concentration of 0.024 mM in the anhydrous system (8.06 C)
which corresponded to a faradaic yield of 2.0%. For the hydrous system (11.06 C) it gave

oxalic acid concentrations of 0.289 mM that corresponded to a faradaic yield of 11.0%
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with a high RSD values that indicated oxalic acid is detectable but not quantitiable.

“Table 5.4 summarizes the type of electrolysis, amount of charge passed, faradaic
efficiency, and products formed during the electrolysis of FI under CO;. Faradaic
efficiency was calculated from the ratio between the charge necessary to produce the
oxalic acid or formic acid (two-clectrons/mol = 100%) and the total charge passed during

electrolysis.

Table 5.4: HPLC quantification of products from the clectrolysis of S mM Fl in CO,-
saturated CH;CN/20 mM ELNBF, solution. The charge passed in these electrolyses

corresponds to one-electron per Fl molecule.

Electrolysis conditions | Oxalic acid
(total charge passed)

Anhydrous (8.06 C) 2% Not detected

1% /v of water (11.06 C) | ~11% 28%

5.5.6 Discussion

Scheme 5.3 and Figure 5.29 show the results for the clectrolysis of FI at 1.2 V vs

AWAEC! in the presence of CO; at the Hg pool electrode in CH;CN/20 mM EWNBF;

solution under both anhydrous and 1% aqueous conditions. The amount of charge passed

ron per FI molecule) and the percentage that goes into each pathway are
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Scheme 5.3: Multiple competing pathways of product formation during the electrolysis of

Fl in COpsaturated acetonitrile under both anhydrous and 1% water conditions.
Percentage of charge was calculated based on the initial amount of charge passed and

faradaic efficiency for each of the products,

summarized in Scheme 5.3. The reduction of CO; by FI takes place via both
electrocatalytic and carboxylation pathways. According to the literature [77), the

electrocatalytic reduction of C¢

2 should result in formic acid in the presence of water and

oxalic acid under anhydrous cor

jons. Our results presented in Table 5.4 are not

consistent with this. The electrocatal

reduction of CO; by fluorene-9-one, produced
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Figure 5.29: Plot of percentage of charge consumed for each of the products relative to
the total amount of charge passed for the electrolysis of FI (5 mM) in COy-saturated
acetonitrile and 20 mM of EUNBF, solutions under anhydrous and 1% water conditions

at a Hg pool electrode at -1.2 V vs Ag/AgCL

only a trace of oxalic acid under anhydrous conditions but formic acid was formed
predominantly (28%) under hydrous conditions.

It can be noted from Figure 5.29 that the total percentage of charge consumed
during the aqueous condition of electrolysis was around ~100%, which is the expected
result. Under anhydrous conditions, the percentage of charge accounted for was only

54%. The rest of the charge consumed under anhydrous conditions can be explained by
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the build-up of a FICO; complex with CO; similar to the reductive addition of CO: to

9,10-phenanthrencquinone, as was also reported by Mizen et al. [187]. This FICO;
complex would reoxidize back to Fl when the solution was opened o air.

Formation of carboxylated FI products is mainly from carboxylation reactions. 9-
Hydroxyfluoren-9-carboxylic acid is produced in both electrolyzed systems. The
mechanism of the formation of this product may be due to the ECECC pathway, as was
proposed by Pletcher et al. [188]. 9-Hydroxyfluorene-9-carboxylic acid was formed in
9.0% (anhydrous) to 4.0% (1% water) yield. Formation of higher yields of alcohol
products is explained in the literature [155-156, 189-190] by the presence of proton
donors in the solvent (like water traces). In this case, protonation of the anion radical of
FI (FT") can lead to the formation of 9-hydroxyfluorene. Thus in the anhydrous system,
the yield of 9-hydroxyfluorene is only around 43%, while in presence of 1% v/v of water,
the yield becomes 61%.

Figure 5,30 illustrates the formation of carboxylation products (%) relative to the
faradaic yields during the clectrolysis of FI for both anhydrous and 1% aqueous
conditions. It is evident from the figure that under anhydrous conditions ca. $0% and for

1% aqueous conditions ca. 30% FI should be recovered based on the

mounts of FI

(mol) used for electrolysis. The starting material FI was recovered ca. 67% for the

anhydrous system and about 77% was for hydrous system. However, the recovery of

large amount of FI after the electrolysis suggests the formations of oxalate, formate are

due 10 the electrocatalytic activities of FI. Thus FI can act as an eflective agent for

electrocatalyti reduction of CO; at sufficiently low cathodic potentials. Although for the
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Figure 5.30: Plot of the percentage of carboxylated products formed relative to faradaic
yields of FI (5 mM) at -1.2 V vs Ag/AgCl in CO,-saturated acetonitrile and 20 mM of

Et:NBE solutions under anhydrous and 1% water conditions at a Hg pool electrode.

electrocatalytic products faradic efficiency was found to be low in all the cases, it could

be possibly from the itive formation of ion product:
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Chapter 6

Summary
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The unifying idea of the thesis work is the development of efficient electrocatalytic
systems that can effectively reduce CO; to produce useful products, such as fuels, and
chemicals which is currently one of the most challenging research areas for chemists.

Ruthenium polypyridyl complexes were reported to be good catalysts for the selective

production of formic acid. So metal complexes with [Ru(bpy)a(L)]*"  and

[(Ru(bpy);)ylL)]“ systems (where L = benzimidazole/benzothiazole), have been of
particular interest in this PhD research. The nature of a ligand (z-donor /a-acceptor) has
an effect on the metal centres, so different types of benzimidazole and benzimidazole
ligands were used in this work to see their effect on CO; reductions. In addition to that, it
is feasible to use bimetallic (two-clectron systems) over monometallic complexes in order

1o get highly reduced species and facilitate the formation of two-electron products like

HCOOH and/or CO.
It was found that the benzothiazole complexes of Ru exhibited remarkable
electrocatalytic activities for CO; reductions, especially [Ru(pybtz)(bpy):1(CIO): and

[{(bpy)R bt))(CI0): [where, pybtz = 2-(pyridi i and

pyathtz = 2,6'-bis(2-pyridyl)-2.2':6.2"thiazolo[4,5-d]benzothiazole]. Although structural

variations influence the activity, but all benzothiazole complexes exhibited much higher
activities than those of the corresponding benzimidazole complexes (in the CV's). The
difference between the remarkable activities of the benzothiazole and benzimidazole
analogues together with the requirement of multiple reductions for €O, activation would
represent interesting chemistry, and obviously it represents an unprecedented result for

€O, activation. It was also found that benzimidazole ¢.g., [Ru(pybbim)(bpy):](CIO:):




(pybbim = 2,2'(pyridine-2,5-diyl)bis(1H-benzo{dJimidazole) complexes showed lower

activities against CO; reductions than that of the corresponding Me-benzimidazole

complex (e [Ru(Mex-pybbim)(bpy):I(CIO); (where, Mex-pybbim = 2,5-bis(l-
methyl-1 H-benzoldjimidazole-2-yl)pyridine). This might be related to the electron
donating nature of the Me-groups [79). Among the benzimidazole complexes,
monometallic. [Ru(Mer-pybbim)(bpy):}(CIOy); showed higher activities towards CO;

reduction relative to their bimetallic counterparts, [{(bpy):Ru}z(Mez-py:bbim)|(CIO:).

(where, Mez-py;bbim = 3,3'-dimethyl-2,2'-di(pyridin-2-y1)-5,6'-bi(3H-benzo|d]-
imidazol). These results are also supported by similar findings in the literature [78, 191).

It was also interesting to report that formate and oxalate were produced and detected at a

moderate low cathodic jal for bimetallic [ 100).
complexes.

Al the products were separated and identified and quan

ed by HPLC and UV-

Vis spectroscopy. It was anticipated that the electrocatalytic process here is by ECa
pathways. Although faradic efficiencies were found low, it can be stated that this resul
for CO; activation towards electrocatalytic reduction of CO; by Ru benzothiazole
complexes is unprecedented and our findings would allow opening a new window for

benzothiazole based transition metal electrocatalysts in CO; reducti

The same idea of electrocatalytic reduction of CO; has been studied using an

organic ketone, fluorene-9-one. The products from these experiments were identified as

and boxylic acid which are the predicted

electrocarboxylation products from previous literature reports. On the other hand, formic



and oxalic acid were the products from electrocatalytic pathways. Faradic efficiencies
were found low for formic and oxalic acids. These might be due to the competitive
formation of carboxylation products. Additionally FI was recovered under both
anhydrous (67%) and hydrous (77%) electrolytic conditions. All those results conclude
that FI can also be used as organocatalyst and can effectively catalyze electrochemical

reduction of COz.

Future work could involve the development of even better electrocatalytic
systems that can effectively reduce CO3 to produce HCOOH and MeOH as fuels. Instead
of homogeneous catalytic systems, the use of heterogeneous catalytic systems might be

feasible in the sense that it might allow for higher cfficiencies for the formation of

products by enabling better diffusion of CO; to the electrode surface. For example, high
surfuce area gas diffusion electrodes (e.g., molecular catalyst on a carbon black support)
might be used to increase the yield of the catalytic products. Immobilized complexes
have been of special interest and multimetallic complexes could potentially be attached
through highly stable linkages to the carbon surface. Additionally, conjugated
metallopolymers might allow the study of the effects of extended conjugation on

electrocatalytic activities towards CO; reductions. The importance of using a delocalized

-orbital network is that this system allows faster charge transfer processes between
metal centres relative to monometallic complexes and could act as an active

electrocatalyst for CO; reduction.
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IR Spectra
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Appendix B

'HNMR Spectra
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Appendix C

3C NMR Spectra
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Appendix D

X-ray Crystallography Data
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X-ray crystallography data for Ru(pybtz)(bpy),(CI0,),

Experimental

Collection, solution and refinement proceeded normally

were

introduced in calculated positions with isotropic thermal parameters set twenty percent
greater than those of their bonding partners. They were refined on the riding model. All

mh:rmmnswcre refined a

tropically.

o perchlorate ions and one lattice solvent mnleculc of CHCl; and one of
he

CHy CN are present for each mononuclear ruther

therefore set to 4 in order to reflect one formula unit afthe I'ulluwms

[(C12HgN>S)(C1HN2;RuJ(CIO)2(CHCI)(CHICON)

Data Collection

The Z-value was

A red chip crystal of CssHaClsN;OsRuS having approximate dimensions of 0.3
X020 x 0.20 mm was mounted on a low temperature difffaction loop. All measurements
were made on a Rigaku Saturn CCD [1] area detector equipped with a Rigaku SHINE

optic, with Mo-Ka radiation

Indexing was performed from 360 images that were exposed for 14 seconds. The

crystal-to-detector distance was 40.11 mm.

Cell constants and an orientation matrix for data collection corresponded to a

primitive monoclinic cell with dimensions:

a= 194323)A

b= 88126(1)A B = 111.760(3)°
© = 24.654(4) A

V= 3921112) A

For Z = 4 and F.W. = 985.04, the calculated den
absences of:

hol: el 20
0kO: k%20

uniquely determine the space group to be:
P2y/n (#14)

s 1.668 g/em’. The systematic



‘The data were collected at a temperature of -120 + 19C to a maximum 20 value of 61.70.
Data Reduction

Of the 72920 reflcctions that were collected, 8054 were unique (Ring = 0.0469);
The lincar absorption coefficient, j, for Mo-Kat radiation is 8.54 cm”. A numerical
absorption correction was applicd which resulted in transmission factors ranging from
08215 10 0.9191. The data were corrected for Lorentz and polarization effets

Strugture Solution and Refinement

The sincire was solved by dircet methods [2] and expanded using Fourier
techniques [3]. The hyds atoms were refin Hydrogen atoms.
were refined uslng the riding model. The final cycle of full-matrix least-squares
refinement [4] on F was based on 8054 observed reflections and 515 variable parameters
and converged (largest parameter shift was 0.00 times its esd) with unweighted and
weighted agreement factors of:

=X [Fo| - [Fel|/ £ Fo| = 0.0712

WR2 = [X (w (Fo2 - Fe2)2 )/ £ w(Fo2)2]172 = 0.1869

The standard deviation of an observation of unit weight [S] was 1.11. Unit
weights were used. The maximum and minimum peaks on the final difference Fourier
‘map corresponded to 2.02 and -1.46 ¢/A [3], respectively.

Neutral atom scattering factors were faken from Cromer and Waber [6].
Anomalous dispersion effects were included in Fealc [7); the values for AF and Af" were
those of Creagh and McAuley [8]. The values for the mass attenuation coeflicients are
those of Creagh and Hubbell [9]. All calculations were performed using the
CrystalStructure [10, 11] erystallographic software package except for refinement, which
was performed using SHELXL-97 [2].
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Empirical Formula
Formula Weight
Crystal Color, Habit
Crystal Dimensions
Crystal System
Lattice Type
Detector Position
Pixel Size

Lattice Parameters

Space Group
Z value
Deale

Fooo

H(MoKa)

EXPERIMENTAL DETAILS

A. Crystal Data

CasHaCINOgRuS
985.04

red, chip

033X 020X 0.20 mm

monoclinic
Primitive

40.11 mm

0137 mm

a= 194320) A
b= 8.8126(14) A
c= 24.654(4) A

B=111.7603)°
V=3921.1(12) A*

P2)/n (#14)
4

1.668 g/em’
1984

854em’



B. Intensity Measurements

Detector
Goniometer

Radiation

Detector Aperture
Data Images

o oscillation Range (4=45.0, $=90.0)
Exposure Rate

Detector Swing Angle

o oscillation Range (4=0.0, $=0.0)
Exposure Rate

Detector Swing Angle

 oscillation Range (=45.0, $=180.0)
Exposure Rate

Detector Swing Angle

o oscillation Range (1=0.0, $-90.0)
Exposure Rate

Detector Swing Angle

o oscillation Range (x=45.0, $-0.0)

Exposure Rate

Rigaku Saturn
Rigaku AFC8

MoKa (A = 0.71075 A)
Rigaku SHINE Optic

70 mm x 70 mm
1800 exposures
-75.0-105.00
28.0 sec./©
15.070
-75.0-105.00
28.0 sec./©
15.070
<75.0-105.00
28,0 sec./0
15.070
<75.0-105.00
28.0 sec./0
15.070
“75.0-105.00

280 sec./0




Detector Swing Angle

Detector Position
Pixel Size
20max

No. of Reflections Measured

Corrections

15070

4011 mm

0.137 mm

61.70

Total: 72920

Unique: 8054 (Ring = 0.0469)
120(1): 7322

Lorentz-polarization
(trans. factors: 0.8215 - 0.9191)



C. Structure Solution and Refinement

Structure Solution
Refinement
Function Minimized

Least Squares Weights

20max cutoff

Anomalous Dispersion

No. Observations (All reflections)
No. Variables
Reflection/Parameter Ratio
Residuals: R1 (1>2.000(1))
Residuals: R (Al reflections)
Residuals: wR2 (All reflections)
Goodness of Fit Indicator

Max Shift/Error in Final Cycle
Maximun peak in Final Diff. Map

Minimunm peak in Final Diff. Map

Direct Methods (SHELX97)

Full-matrix least-squares on

Tw(Fo' - Fey

w=1/[6*(Fo’) +(0.0937 - P)*
4136853 P] N
where P = (Max(Fo',0) +2F¢’)3
53.00

All non-hydrogen atoms

8054

515

15.64

00712

0.0765

0.1869

1106

0.002

2.02¢7A°

146 e /A
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Figure D1: X-ray crystal structure for Ru(pybtz)(bpy)a((100); Anions and hydrogen atoms
omittedtor clanty



“Table 1: Bond lengths (A) for Ru(pybtz)(bpy)(C104),

atom

Ru(l)
Ru(1)
Ru(1)
i1y
i1y
CI2)
CI2)

atom

distance

2.078(4)
2.060(3)
2.055(4)
14333)
1.435(4)
1392(5)
1.421(5)
1.765(6)
1.771(8)
1712(5)
1324(5)
1352(7)
1367(5)
1354(5)
1348(6)
1343(5)
1396(9)
1372(8)
1371(8)
1453(7)
1.378(8)
1.384(6)
1.387(6)
1388(7)
1.388(5)
1380(7)
1378(7)
1391(7)
1473(6)
1377(7)
1376(7)

atom

Ru(l)
Ru(l)
Ru(l)
iy
iy
i)
ci2)
CI)

atom

distance

2.084(3)
2.058(3)
2,065(3)
1.442(4)
1.44403)
1.349(8)
1.444(7)
1.754(7)
1.736(5)
1392(7)
1.354(6)
1.347(5)
1362(5)
1.349(5)
1.360(7)
1.149(11)
1.407(6)
1.393(6)
1.402(6)
1.388(6)
1.393(8)
1.376(7)
1.378(6)
1.474(6)
1.379(7)
1.369(6)
1.378(8)
1.391(8)
1.387(7)
1.381(9)
1.450(12)
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‘Table 2: Bond angles (©) for Ru(pybtz)(bpy)2(C1O4);

atom

N()
N(1)

atom

Ru(l)
Ru(l)

atom

angle

78.44(15)
100.85(15)
95.35(15)
175.98(16)
88.69(14)
97.60(15)
86.46(15)
78.73(15)
109.8(2)
109.12)
109.4(2)
111.00)
112.8(4)
108.0(5)
135.402)
1109G3)
1264(2)
125.8(2)
118.5(4)
125.803)
125.43)
118.7(4)
125903)
128.103)

118.5(4)
119.4(4)

atom atom

N(1) Ru(l)
N(I) Ru(l)
N(2) Ru(l)
N(2) Ru(l)
NG) Ru(l)
N(3) Ru(l)

(1) S(y
Ru(l) N(1)
Ru() N©)
C(8) N
Ru(l) NG)
Ru(l) N(4)
C(18) N(4)
Ru(1) N(5)
Ru(1) N(6)
€(28) N(6)
sy C(l)
o1 c)
CB) ¢
N() C(6)
(1) €6
() ¢
NQ) C(8)
on ceE

atom

NG)
N(S)
NG3)
NGS)
N)
N(6)
N(6)
o)
o)
0(4)
0(6)
o8)
O8)
<
()
C(8)
c(12)
€17
c(18)
€@2)
cen
ce8)
€(32)
C(6)
C3)
C(s)
()
C(5)
@)
C(7)
€9

€(9) €(10) C(11)
N@) €(12) €1y
C(13) C(14) C(15)
€(15) C(16) C(17)
N(@3) €(17) C(18)
N(4) C€(18) C(17)
€(17) C(18) C(19)
C(19) €(20) C21)
N@) - €(22) ¢

angle

88.94(15)
171.06(14)
97.34(14)
94.62(15)
78.67(14)
173.21(12)
95.32(14)
109.902)
109.72)
109.002)
112.8(5)
104.3(5)
107.4(7)
89.4(2)
113.5(3)
115.6(3)
118.003)
115.6(2)
115.3(2)
118303)
115.903)
115.5(2)
118.6(4)
110.1(4)
117.6(4)
122.1(4)
113.5(4)
119.3(5)
124.80)
113.103)
124.0(4)
118.0(4)
1213(4)
119.4(4)
119.5(4)
11470
1144(3)
123.7(4)
119.7(4)
122.1(4)
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atom

C(33)

atom

angle

122.6(4)
119.1(5)
121.4(4)
123.3(4)

110.803)

atom

€(23)
€(25)
NG)
N(6)
@7y
€(29)
N©6)
Cl3)
N

Bond angles (©) for Ru(pybtz)(bpy)s(C10.): (Continued)

atom atom

C(24) C(25)
€(26) C27)
€(27) C28)
c@8) ce7
C(28) C(29)
C(30) CG1)
C(32) CG1)
€(33) CI(s)
€(35) C(34)

angle

119.004)
1192(5)
1153(4)
114.5(4)
124.5(4)
1184(5)
1222(5)
110.003)
172.109)
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X-ray crystallography data for Ru(Me,.pybbim)(bpy)(Cl0O,),
Experimental

Collection, solution and refinement proceeded normally. Hydrogen atoms  were
introduced in calculated positions with isotropic thermal parameters set twenty percent
greater than those of their bonding partners.  All hydrogen atoms were refined on the
riding model.

The Platon [12] Squecze procedure was applicd to recover 104 clectrons per u
cell in one void (total volume 369 A%); that is 52 electrons per formula unit (-5 H;0),
Several partial-occupancy solvent lattice water molecules were present, prior to the
application of Squeeze however, a good point atom model could not be achieved. The
application of Squeeze gave a good improvement in the data statistics and allowed for a
full anisotropic refinement of the structure.

“The formula for this model, which includes the Squeezed lattice water molecules,

is:

[(C21HipNs)(CioHgN):RuJ(CIOg):(H:0)s

Data Collecti

A red prism crystal of Cy;HisClNoOysRu having approximate dimensions of 0.26
X 0.19 x 0.04 mm was mounted on a low temperature diffraction loop. All measurements
were made on a Rigaku Saturn CCD [1] area detector, equipped with a SHINE opt
with Mo-Ke: radiation.

Tdeing vk pcfrie e 360 g it e exposd e 35 acoari T
erystal-to-detector distance was 49.94 m

Cell constants and an orientation matrix for data collection corresponded to a
primitive triclinic cell with dimensions:

a= 93136)A a=103502)°

b= 14766(10A B = 104.183)°

= 17970(12) Ay = 104.12(4)°
V= 22083) A’

2 and F.W. = 104182, the caleulated density is 1.567 glem’. Based on a
statistical analysis of intensity distribution, and the successful solution and refinement of
the structure, the space group was determined to be:

P-1(#2)

‘The data were collected at a temperature of -120 + 19C to a maximum 20 value of 60.0°.
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Data Reduction

Of the 18276 reflections that were collected, 9011 were unique (Rint = 0.0387).
The linear absorption coefficient, i, for Mo-Ka radiation is 5.519 cm™. A numerical
absorption corre d which resulted in transmission factors ranging from
0.8898 10 0.9832 respectively. The data were corrected for Lorentz and polarization
effects.

Structure Solution and Refinement

The structure was solved by direet mcmods and expanded using Fouricr
techniques [3]. The non-hydrogen atoms were r Hydrogen atoms
were refined using the riding model. The mal eycle of Nll-mairx loassquarcs
refinement [4] on F* was based on 9011 observed reflections and 550 variable parameters
and converged (largest parameter shift was 0.00 times its esd) with unweighted and
weighted agreement factors of:

/3 [Fol = 0.1180

)" = 0.3055

The sandard devision of mn cbseralon of it weight [5] was 06, Unit
weights were used. The maximum and minimum peaks on the final difference Fourier
‘map corresponded 10 3.18 and -1.49 e”/A”, r\'.\peulve\y

Neutral atom scattering factors were taken from Cromer and Waber [6].
/\nnmmom dlspcmm\ effcts were included in Feale [7]; the values for A and A" were
h reagh and McAuley [8]. The values for the mass attenuation coefficients are
Creagh and Hubbell [9]. All calculations were performed using
(rymlswcmcuu I||uy3\lﬂﬂnuuphlc software package except for refinement, which
was performed using SHELXL-97 [2].
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Empirical Formula
Formula Weight
Crystal Color, Habit
Crystal Dimensions
Crystal System
Lattice Type
Detector Position
Pixel Size

Lattice Parameters

Space Group
Zvalue
Deale

Fo00

1(MoKa)

EXPERIMENTAL DETAILS
A. Crystal Data
CaiHisChNsOysRu
104182
red, prism

0.26 X 0.19 X 0.04 mm

iclinic
Primitive

49.94 mm

0.137 mm

a= 9313(6) A
b= 14.766(10) A
c=17.970(12) A
@=103.50(2)©
f=104.183)°
= 104.12(4) 0
V=22083) A’
Pl (#2)

2

1.567 gem®
1068

5.52em”

262



B. Intensity Measurements

Detector
Goniometer

Radiation
SHINE
Detector Aperture

Data Images

o oscillation Range (x=45.0, $=0.0)
Exposure Rate
Detector Swing Angle

o oscillation Range (;=45.0, $=90.0)

Exposure Rate
Detector Swing Angle

 oscillation Range (1=45.0, $=180.0)
Exposure Rate

Detector Swing Angle

o oscillation Range (4=0.0, =180.0)
Exposure Rate

Detector Swing Angle

Detector Position

ku Saturn
Rigaku AFCS,

MoKa (A =0.71075 A)
graphite monochromated-Rigaku

70 mm x 70 mm
880 exposures
70.0-110.00
70.0 sec./0
20230
“70.0-92.00
70.0 sec./0
20230
“70.0--2.00
70.0 sec./0
20230

-50.0 - -20.00
70.0 sec./0
20230

49.94 mm



Pixel Size

20max
No. of Reflections Measured

Corrections

0137 mm

60.00

Total: 18276

Unique: 9011 (Rint = 0.0387)
1220(1): 7997

Lorentz-polarizati
(trans. factors: 0.8898 - 0.9832)
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C. Structure Solution and Refinement

Structure Solution
Refinement
Function Minimized

Least Squares Weights

20max cutoff’
Anomalous Dispersion

No. Observations (All reflections)
No. Variables
Reflection/Parameter Ratio
Residuals: R1 (122.000(1)
Residuals: R (All reflections)
Residuals: wR2 (All reflections)
Goodness of Fit Indicator

Max §

ror in Final Cycle
Maximum peak in Final Diff, Map

Minimum peak in Final Diff. Map

Direct Methods (SHELX97)
Full-matrix least-squares on F*
L w (Fo’ - Fe'y!

w = 1/[ 6*(Fo?) +(0.1076 - P)*

+397151- P
where P = (Max(Fo’,0) +2Fc’)/3

53.00
Al non-hydrogen atoms
9011

550

16.38

0.1180

0.1247

03055

1.058

0.000

318erA’

-1.49 /A’
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Figure D3 Xeray crystal structure for Ru(Mey pybbim)®py)a(CION: Anions and

hydrogen atoms omitted for clanty.



Table 3: Bond lengths (A) for Ru(Mez.pybbim)(bpy):(C104),

atom

atom

distance

2.068(8)
2.062(8)
2.046(8)

atom

Ru(1)
Ru(l)

C(34)
C(36)
C(38)
C(40)

atom

NGS)

distance

2.056(5)
2.053(6)
2.040(10)
1343(13)
1.438(13)
1.456(16)
1392(17)
1312(9)
1.503(11)
1.330(11)
1.360(9)
1349(14)
1.374(10)
1.36009)
1.336(12)
1.359(14)
1.390(18)
1373(13)
1348(17)
1.376(14)
1.380(14)
1.395(13)
1.438(12)
1452(12)
1.402(16)
1.401(16)
1.360(11)
1382(15)
1.368(11)
1.385(18)
1371(16)
1.385(19)
1.466(18)
1376)
1.442)



‘Table 4: Bond angles (°) for Ru(Mez pybbim)(bpy)x(C104)

atom

NG)
NG)
NG)

atom

Ru(l)

c(13)

atom

N(S)
N(7)

angle

78.12)
93.6(2)
172.003)
168.9(3)
96.2(3)
173.703)
97.76)
78.7(3)
111.6(10)
108.0(10)
107.4(11)
114.5(8)
106.0(9)
108.8(8)
124.1(8)
128.9(6)
116.16)
127.4(9)
1232(7)
137.7(6)
125.9(5)
1182(8)
127.1(7)
127.0(7)
1172(9)
123.6(8)
130.8(9)
11939
1215(7)
114909
130.1(8)
11.9(7)
1269(6)
126.7(9)
124.7(6)
119.0(7)
112.0(8)

atom atom

atom

NG) Ru(l) N(6)
NG) Ru(l) N8)
NGS) Ru(l) N(6)
NGS) Ru(l) N(8)
N(6) Ru(l) N(7)
N(©) Ru(1) NO)
N(7) Ru(l) NO)

o(l) ci(ly
o(l) ci(1)
0@R) ci(
0(5) Ci)
0(5) CI2)
0(6) Cl2)
1y N(
<) N@)
Ru(l) NG)
€(10) NG3)
C(14) N@)
Ru(1) N(5)
C(14) N(5)
Ru(1) N(6)
Ru(l) N(7)
€@27) N7y
Ru(1) N(8)
Ru(1) N©)
C(37) N9
N(I) C(l)y
) c@)
CG) )
N@) C(6)
€ C(6)
N(1) C(8)
C(8) (o)
€(10)C(9)
[SOR
NG) C(13)
c(12)c(13)

0(2)
0)
04)
0(6)
o)
0(8)
()
()
C(10)
c(13)
c(16)
c(14)
c@ly
C(26)
c@n
Gl
€(36)
C(37)
c@n
c(6)
i)
)
c(y
()
<)
(10)
(i
C(12)
€(12)
4

angle

90.2(3)
95.5(3)
93.2(2)

115.6(5)
116.8(7)
115.8(7)
115.8(8)
1204(11)
109.8(6)
117.8(9)
122.6(10)
106.0(8)
123.9(6)
121.2(9)
115.9(6)
117.4(8)
119.7(9)
121.7(7)
126.3(7)
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‘Table 4: Bond angles (%) for Ru(Mez.pybbim)(bpy):(C10x); (continued)

atom

atom

@7
C(39)
c@rn)

atom

NG)

C(13)
c@2n
cs)
€(20)
C(16)
€(20)

angle

110.8(8)
118.5(6)
105.16)
120.1(9)
12L1(11)
107.8(8)
120.5(7)

1182(12)

atom atom  atom

Ny C(14) C(13)
N(4) C(16) C(17)
C(17) C(16) C21)
C(17) €(18) C(19)
C(19) €(20) C21)
N(5) C€(21) €20y
N(6) C€(22) C(23)
€@3) C@4) €25)
N(6) C(26) C(25)
€(25) €(26) C(27)
N(7) C@27) C(28)
c@7) C@8) €29
€(29) €(30) C(31)
N(8) C€(32) C(33)
€(33) C(34) C(35)
N(8) €(36) C(35)
€(35) €(36) C(37)
N9 C€(37) C(38)
C(37) €C(38) C(39)
€(39) C(40) C(41)

angle

130.7(9)
135.1(10)
119.8(10)
121409)
116.9(9)
131.6(7)
122.8(7)
1205(10)
122.8(7)
122.4(6)
121.9(9)
120.1(11)
119.5(9)
1232(11)
119.0(12)
122.6(11)
1238(11)
120.7(14)
119.9(19)
119.7017)
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Xeray crystallography data for [{(bpy):Ru}x(pyatbtz)]"

Experimental

Collection, solution and refinement proceeded normally. All hydrogen atoms were
introduced in calculated positions with isotropic thermal parameters set twenty percent
greater than those of their bonding partners and were refined on the riding model.

“The Platon [12] Squeeze procedure was applied to recover 65 electrons per unit cell
in two voids (total volume 228 A%); that is 65 electrons per formula unit (with Z = 1 in
this model). Disordered solvent lattice water molecules were present prior to. the
applics Squeeze, however, a satisfactory point atom model could not be achieved.
The application of Squeeze gave a good improvement in the data statistics and allowed
for a full anisotropic refinement of the structure.

‘The formula, which includes protons and solvent molecules omitted from the model, is:
[(CssHu82016Ru2](C104)s(H:0)s.

Data Collection

A red prism crystal of CssHsiCliN1OzRu:S; having approximate dimensions of
028 x 027 x 0.18 mm was mounted on a low temperature diffraction loop. All
measurements were made on a Rigaku Saturn CCD [1] area detector with a SHINE optic
and Mo-Ka radiation.

Indexing was performed from 36
crystal-to-detector distance was 40.06 mm.

ages that were exposed for 25 seconds. The

Cell constants and an orientation matrix for data collection corresponded 1o a
primitive triclinic cell with dimensions:

a = 12049(1DA o = 93.388(18)0

b= 12.75010(100 A B = 112.8809(13)°
¢ = 139SI6I)A  y = 117.909(18)°
V = 1663.4(2) A®
For Z = 1 and F.W. = 1679.20, the calculated density is 1.676 g/lem®. Based on a
statistical analysis of intensity distribution, and the successful solution and refinement of
the structure, the space group was determined 10 be:

P-1(#2)

‘The data were collected at a temperature of -120 + 19C to a maximum 20 value of 61.8°.
Data Reduction
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O the 12827 reflctions that were collcted: 6116 were unique (Ripy = 0.0356).
The lincar absorption coefficient, p, for Mo-Ka: radiation is 7.64 cm”. A numerical
i fon factors ranging from

0.8731 t0 0.9708. The data were corrected for Lorentz and polarization effects.

Strugture Solution and Refinement

e structure was solved by methods [2] and expanded using Fourier
techniques [3]. The non-hydrogen atoms were refined Hydrogen atoms
were_refined using the riding model. The final cycle of full-matrix least-squares
refinement [4] on F* was based on 6116 observed reflections and 425 variable parameters
and converged (largest parameter shift was 0.00 times its esd) with unweighted and
weighted agreement factors of:

=X [Fo| - [Fe]| / £ [Fo| = 0.0855
WR2 = [ £ (w (Fol - Fe))? ) £ w(Fo?)’] = 0.2475

The standard deviation of an observation of unit weight [S] was 1.07. Unit
weights were used. The maximum and minimum peaks on the final difference Fourier
map corresponded to 2.18 and -1.62 e/A”, respectively

Neutral atom scattering factors were taken from Cromer and Waber [6].
Anomalous dispersion effects were included in Fale [7]; the values for AT and AF" were
those of Creagh and McAuley [8]. The values for the mass attenuation coefficients are
those of Creagh and Hubbell [9]. All calculations were performed using the
CrystalStructure [10, 1] crystallographic software package except for refinement, which
was performed using SHELXL-97 [2].
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Empirical Formula
Formula Weight
Crystal Color, Habit
Crystal Dimensions
Crystal System
Lattice Type
Detector Position
Pixel Size

Lattice Parameters

Space Group
Zvalue
Deale

F000

(MoKa)

EXPERIMENTAL DETAILS
A. Crystal Data

CasHsCLN202Ru:S:
1679.20
red, prism
028X 027 X 0.18 mm
triclinic
Primitive
40.06 mm
0.137 mm
a= 12.0249(11) A

b= 12.75010(10) A
c= 13.9516(14) A

¥=117.909(18) ©
V=166342) A’

P-1(#2)

1

1.676 g/em®
850

7.64 cm”



B. Intensity Measurements

Detector Rigaku Saturn
Goniometer Rigaku AFCS
Radiation MoKa (.= 0.71075 A)

‘graphite monochromated-Rigaku
INE

Detector Aperture 70 mm x 70 mm
Data Images 680 exposures
o oscillation Range (1~ -75.0-105.00
Exposure Rate 500 sec./0
Detector Swing Angle 15,100 ‘
© oscillation Range (=45.0, $=0.0) 75.0-25.00
Exposure Rate 50.0 sec./0
Detector Swing Angle 15.100
o oscillation Range (1=0.0, $=90.0) 30.0-30.00
Exposure Rate 50.0 sec./0
Detector Swing Angle 15.100
Detector Posi 40.06 mm
Pixel Size 0.137 mm
20max 61.80
No. of Reflections Measured Total: 12827
Unique: 6116 (Ring = 0.0356)
1>20(1): 5467
Corrections Lorentz-polarization

(trans. factors: 0.8731 - 0.9708)
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C. Structure Solution and Refinement

Structure Solution
Refinement
Function Minimized

Least Squares Weights

20max cutoff
Anomalous Dispersion

No. Observations (All reflections)
No. Variables
Reflection/Parameter Ratio
Residuals: R1 (1>2.000(1))

Residuals: R (All reflections)

Residuals: wR2 (All reflections)
Goodness of Fit Indicator

Max Shift/Error in Final Cycle
Maximun peak in Final Diff. Map

Minimum peak in Final Diff. Map

Direct Methods (SIR92)

Full-matrix least-squares on F*

Ew (F

w= 1/ [0*(Fo?) + (01560 - P
+51289- P]
where P = (Max(Fo’.0) +

)3
51.00

All non-hydrogen atoms
6116

425

1439

0.0855

00913

02475

1072

0.001

218 ¢/A’

162 ¢/A*
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Figure D4: Xeray crystal structure for (bpy)hRu(pyth)Ru(bpy)i]*  Anions and
hydrogen atoms omitted for clanity.
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Table 5: Bond lengths (A) for [{(bpy):Ru}a(pyatbtz)]

atom

Ru(1)
Ru(l)
Ru(l)
cil)
ciy
i)

atom

N(1y
NG)
NGS)
o)
00)
0o(s)

distance

2.054(6)
2.056(7)
2.053(5)
1.430(8)
1.443(8)
1512)
139(2)
1.714(6)
1.350(9)
1329(9)
1326(10)
1.360(14)
1.304(9)
1.367(10)
1.365(13)
1.378(10)
1.464(9)
1.368(9)
1.409(16)
1.403(14)
1.473(12)
1354(19)
1.390(15)
1.338(19)
1.384(10)
1407(18)
1377017)

atom

Ru(1)
Ru(l)
Ru(1)
i1y
i1y
ci2)
CI2)
S(1)

atom

C(@3)
c@s)
c@7)
€(@9)

distance

2.096(4)
2.047(6)
2,056(8)
1.380(12)
1.380(8)
1.519(7)

137719)



-
Table 6: Bond angles (°) for [{(bpy):Ru}a(pyathtz)]

atom

N(I)

atom

Ru(l)

atom

N@)
N@)
N(6)

angle

78.3(2)
175.903)
89.002)
99.8(2)
97.5(2)
95.7(2)
86.12)
793(2)
107.5(5)
1043(5)
108.8(6)
104.3(12)
102.7(9)
130.8(10)
127.6(4)
115.7(6)
135.6(4)
126.7(6)
118.5(8)

115.3(8)
123.5(11)

atom atom

N(1I) Ru(1)
N(I) Ru(l)
N) Ru(l)
N(2) Ru(l)
NG) Ru(1)
NG) Ru(1)
N(4) Ru(l)
o(l) CI(ly
o(l) ci(l)
o) €Il
0(5) CI(2)
0(5) CI(2)
0(6) CI(2)
<) S()
Ru(1) N(1)
Ru(l) N©)
C6) N@)
Ru(l) NG)
Ru(l) N(4)
C(15) N(4)
Ru(1) N(5)
Ru(1) N(6)
€(25) N(6)
oy c@
) C@)
N(I) C(5)

Yy

atom

NG)
NGS)
NG3)
N(5)
N()
N(6)
N(©6)
0(2)
0O4)
04)
0(6)

C(6)
N@2)
C(5)
c"
(7
()

NG) €(10) C(11)
C(11) €(12) €(13)
N@3) C(14) C(13)
C(13) C(14) €(15)
Ny C(15) €(16)
€(15) €(16) C(17)

angle

96.4(2)
96.002)
88.0(2)

88.6(3)
116.7(4)
112.903)
1HLI(S)
114.5(5)
115.1(5)
118.3(7)
115.8(4)
115.6(5)
117.7(9)
119.9(7)
118.2(6)
112.1(6)
116.5(4)
118.8(5)
125.8(5)
111.2(4)
122.4(6)
121.7(8)
1202(11)
120.8(7)
124.1(8)
121.1(9)
118.5(14)



‘Table 6: Bond angles (©) for [{(bpy):Ru} x(pyatbtz)]"* (continued)

atom

atom

cen
C(29)

atom

(1)
C(18)
€(22)
C(24)
ces)
C@4)
C(26)
€(28)
€(28)

angle

121.4(13)
122.9(10)
116.8(8)
117.3(10)
115.1(6)
114.1(9)
124.1(7)
119.6(14)
122.2(8)

alom atom atom  angle

€(17) C(18) C(19) 117.7(10)
N(S) C(20) C(21) 123.3(10)
C(21) C(22) C3) 121.9(8)
N(5) C(24) C(23) 122.5(7)
C(23) C24) C(25) 122.3(9)
N(6) C(25) C(26) 121.8(6)
€(25) C(26) C(27) 118.8(10)
C(27) C(28) C(29) 119.9(9)



X-ray crystallography data for [{(bpy);Ru}x(pzbbtz)|"
Experimental
Collection, solution and refinement proceeded normally. Hydrogen atoms were
introduced in calculated positions with isotropic thermal parameters set twenty percent
greater than those of their bonding partners. They were refined on the riding model. One

acetonitrile lattice solvent molecule was refined isotropically, while all other non-
hydrogen atoms were refined anisotropically.

The formula for this model is:
[(CrsH1oNaS2H(C1oHgN2)RUz|(CIO(CHICN)
Data Collection

A black prism crystal of CosHsCliNiGOiRu:S; having approximate dimensions
of 034 x 0.28 x 0.15 mm was mounted on a low-temperature diffraction loop. All
measurements were made on a Rigaku Saturn CCD area detector equipped with a SHINE
optic, with Mo-Ka radiation.

Indexing was performed from 360 images that were exposed for 20 seconds. The
erystal-to-detector distance was 40.05 mm.

Cell constants and an orientation matrix for data collection corresponded 1o a
primitive triclinic cell with dimensions:

a= 13600)A  a = 88.874(19)°
b= 16050(5)A B = 86.357(19°
¢ = 172376 Ay = 70.514(13)°
V = 3539.6(19) A’

For Z = 2 and F.W. = 173532, the caleulated density is 1.628 gem’. Based on a
statistical analysis of intensity distribution, and the successful solution and refinement of
the structure, the space group was determined to be:

P-1(#2)
The data were collected at a temperature of 120 + 19C to a maximum 20 value of 61,7
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Data Reduction

Of the 32634 reflections that were collected, 14466 were unique (Rint = 0.0717).
The linear absorption coefficient, p. for Mo-Ka. rad m'. A numerical
absorption correction was applied which resulted in transmission factors ranging from
0.8354 10 0.9259. The data were corrected for Lorentz and polarization effects.

Structure Solution and Refinement

The siuciure was solved by diret methods [2] a1d expanded usng Fourer
techniques [3]. Some drogen atoms were refine ile the rest
were refined isotropically. Hydmg:n aloms were refined using the iding model. The
final cycle of full-matrix least-squares refinement [4] on F* was based on 14466 observed
reflections and 940 variable parameters and converged (largest parameter shift was 0.00
times its esd) with unweighted and weighted agreement factors of:

RI=X[Fo| - [Fel / % [Fo| = 0.0850

WR2 = [ £ (w (Fo? = Fe?) )/ £ wi 0.2470

The standard deviation of an observation of unit weight [5] was 1.05. Unit
weights were used.  The maximum and minimum peaks on the final difference Fourier
map corresponded to 3.36 and -1.15 e7/A” respectively.

Neutral atom scattering factors were taken from Cromer and Waber [6]
Anomalous dispersion effects were included in Fealc [7]; the values for AT and Af" were
those of Creagh and McAuley [8]. The values for the mass attenuation coefficients -
those of Creagh and Hubbell [9]. All calculations were performed u
CrystalStructure (10, 1] erystallographic software package except for mmcmem wmcn
was performed using SHELXL-97 [2]




m

21
131

(61

71

9
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Empirical Formula
Formula Weight

Crystal Color, Habit

Crystal Dimensions
Crystal System
Lattice Type
Detector Position
Pixel Size

Lattice Parameters

Space Group
Z value
Deale

F000

H(MoKa)

EXPERIMENTAL DETAILS
A. Crystal Data

CasHsiCliNiGO16RWS:
1735.32
black, prism
0.34X 028 X015 mm
iclinic
Primitive
40.05 mm
0137 mm

13.600(4) A

b= 16.050(5) A

c=17237(6) A

o= 88.874(19)°

B= 86.357(19)°

¥= 70.514(13)°
V =3539.6(19) A

P-1(#2)

2

1.628 glem®
1736

717 cm’!



B. Intensity Mcasurements

Detector ku Saturn

Goniometer Rigaku AFC8

Radiation MoKa (A =0.71075 A)
graphite monochromated — Rigaku
SHINE

Detector Aperture 70 mm X 70 mm

Data Images 788 exposures

o oscillation Range (4=45.0, ¢=0.0) -75.0-105.00

Exposure Rate 40.0 sec/0

Detector Swing Angle 14.700

 oscillation Range (=450, ¢=180.0) -75.0-105.00

Exposure Rate 40.0 sec/0

Detector Swing Angle 14.700

o oscillation Range (4=0.0, ¢=0.0) 75.0--41.00

Exposure Rate 40.0 sec./0

Detector Swing Angle 14.700

Detector Position 40.05 mm

Pixel Size 0.137 mm

20max 61.70

No. of Reflections Measured Total: 32634
Unique: 14466 (Ring = 0.0717)
1>20(1): 12802

Corrections Lorentz-polarizatio

ion
(trans. factors: 0.8354 - 0.9259)



C. Structure Solution and Refinement

Structure Solution
Refinement
Function Minimized

Least Squares Weights

20max cutoff
Anomalous Dispersion

No. Observations (All reflections)
No. Variables
Reflection/Parameter Ratio
Residuals: R1 (1>2.000(1))
Residuals: R (All reflections)
Residuals: wR2 (All reflections)
Goodness of Fit Indicator

Max ShiftError in Final Cycle
Maximum peak in Final Diff. Map

Minimum peak in Final Diff. Map

Direct Methods (SHELX97)

Full-matrix least-squares on
Tw (Fo’ - )
w=1/[ 6*(Fod) +(0.1528 - P

+4.6741- P]
where P = (Max(Fo’,0) +2F

53.00

Al non-hydrogen atoms
14466
940

1539
0.0850
0.0912
0.2470
1.048
0.001
336c7A’

-LIserA’
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Table 7: Bond lengths (A) for [{(bpy):Ru}x(pzbbtz)]

atom

Ru(l)

atom

(1)

distance

2.082(3)
2.045(3)
2.069(5)
2.048(4)
2.065(3)
2.069(4)
1418(5)
1433(7)
1.398(7)
1.445(5)
1.294(9)
1.543(7)
1.424(5)
1.426(5)
1.742(6)
1.727(4)
1.396(6)
1.354(5)
1.346(6)
1.309(6)
1.336(6)
1.348(6)
1347(7)
1353(7)
1352(6)
1363(6)
1.350(6)
1371(7)
1.069(12)
1103(11)
1397(7)
1364(9)
1.388(7)
1.444(6)
1362(7)
1.400(8)
1372(7)

atom

Ru(l)
Ru(1)

atom

NR2)

C(16)

distance

2,052(4)
2.065(4)
2.075(4)
2.084(3)
204103)
2.062(3)
1.395(6)
1.413(6)
1.429(4)
1.391(5)
1353(9)
1.345(9)
1.419(5)
1.442(6)
1.736(4)
1.731(6)
1.303(7)
1.343(6)
1.358(5)
1.401(6)
1372(6)
1.350(6)
1.359(6)
1.334(8)
1.346(5)
1.352(6)
1.347(6)
1342(6)
LISI(11)
1.169(10)
1.400(6)
1.389(7)
1.383(8)
1362(7)
1.451(7)
1.395(6)
1.388(7)



2bbiz)]* (continued)
‘Table 7: Bond lengths (A) for [{(bpy):Ru}a(pzbbtz)]'" (continuet

atom

atom

[
€(20)
C(22)
c@4)
€(26)
€8)
i1
€(33)
Ci3s)
€37
C(40)

distance

1.373(9)
1.374(7)
1.356(9)
1.470(7)

151Q2)

atom

can
€(20)
€(22)
C(4)

C(63)

atom

c(18)
cen
€(23)

distance

1398(6)
1374(10)
1376(7)
1396(7)
1372(9)
1377(10)
1.387(10)
1.461(8)
1367(11)
1390(7)
1382(7)
1.403(7)
1.384(6)
1362(9)
1374(9)
1.362(7)
1.468(6)
1.389(7)
1.410(7)
1.407(12)
1.412(10)



“Table 8: Bond angles () for [{(bpy):Ru}(pzbbiz)]**

atom

atom

atom

N@)

angle

78.17(15)
98.53(14)
85.67(14)
90.33(17)
95.47(17)
88.12(17)
95.51(18)
78.72(18)
90.79(17)
175.48(14)
99.21(14)
100.55(15)
78.93(15)
171.45(16)
96.96(15)
109.1(4)
109.3(3)
111.3(5)
109.9(3)
108.8(4)
1104(3)
117.8(8)
115.2(7)
113.7(6)
110.1(3)
106.8(3)
107.003)
88.4(2)
135.903)
111.003)
128.903)
126.9(2)
115.9(4)
135.003)
125.5(3)
118.8(4)
125.003)

atom atom

N(I) Ru(l)
N(1) Ru(1)
N@) Ru(l)
N2) Ru(l)
N(S) Ru(l)
N(S) Ru(l)
N(6) Ru(l)
NG) Ru(2)
NG) Ru(2)
NG) Ru(2)
N() Ru(2)
N() Ru(2)
N(9) Ru(2)
N(I0)Ru(2)
N(IDRu(2)
o(l) il
o) Cil)
0(3) il
0(5) CI2)
0(6) CI2)
o) CI2)
0(9) CIi3)
0(10) CI(3)
o1 CI3)
0(13) CI(4)
0(14) CI(4)
0(15) CI(4)
C(12) 8@Q)
Ru(l) N(1)
Ru(l) N@2)
C®) N@)
Ru(2) NG3)
Ru(2) N()
C(12) N4
Ru(l) N(S)
Ru(l) N(6)
CQ4) N©)

atom  angle

N(S) 171.01(18)
N(7) 100.66(16)
N(5) 93.29(16)
N(7) 174.16(16)
N©) 78.51(15)
N) 98.07(14)
N(8) 173.45(17)
N@) 77.76(15)
N(10) 93.87(16)
N(12) 97.00(16)
N(10) 171.44(18)
N(12) 85.93(13)
N(IT) 93.62(16)
N(I1) 87.94(16)

N(12) 78.66(16)
0()  1082(3)
00)  1103(4)
O(d)  108.6(4)
o) 107.76)

o7 110403)
O(8)  109.7(4)
(1) 102.8(5)
(1) 102.3(5)
0(12) 101.8(5)
0(15) 111.903)

o(15) 110.5(3)
0(16) 110.3(4)
C(18)  88.1(2)
(7 113.003)
C(8) 11530)
C(10) 115.2(4)
c(in) 17203)
C(12) 114.103)
C(13) 110403)
C(23) 115.603)

C4) 116203)
C28) 118.7(4)
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-
‘Table 8: Bond angles () for [{(bpy):Ru}(pzbbtz)]

atom

Ru(1)
€(9)
Ru(1)
Ru(2)

atom

atom

angle

125.80)
19.1(5)
125.80)
125.7(2)
19.1(4)
125.003)
126.00)
118.6(4)
125.63)
127.4(4)
122.1(5)
123.0(4)
119.6(4)
127.3(4)
1640)
119.50)
1233(4)
121.16)
1223(4)
125.73)
12430)
126.9(4)
120.0(4)
122.0(5)
17.7(4)
127.10)
1224(5)
1202(6)
1203(4)
124.7(4)
120.7(4)
119.9(5)
118.2(5)
1228(5)
120.3(6)
120.5(5)
124.0(4)

(continued)

atom atom  atom

Ru(l)
Ru(l)
C(34)
Ru(2)
Ru(2)
C(ad)
Ru(2)
Ru(2)
C(54)
S(1)

(1)

N@)
€(13)
€(15)
S(2)
€(13)
C(19)
el
N(S)

ms\
€(25)
N©)
€(@9)
G
N()
N

N(7) C33)
N(8) C(34)
N(8) C8)
N©9) C(43)
N(10)Cdd)
N(10)C(48)
N(I1)C(53)
N(12)C(54)
N(12)C(58)
oy )
@) C)
@) C)
c©) ()
€6) Cs)
[SOet]
@)
C@®) O
€(10) (1)
(1) €(12)
€(12) N@)
€(12) (11
€(13) C(18)
C(14) C(15)
C(16) C(17)
C(18) C(13)
C(18) C(17)
€(20) €21
€(22) €23)
€(3) C24)
€(24) C23)
C(24) C25)
€(26) C27)
C(28) C(27)
€(30) CG31)
€(32) C(33)
€(33) C34)

angle

115.103)
115.13)
118.8(4)
115.103)
115.80)
119.13)
115.2(3)
1159()
1182(4)
1105(3)

12210
112.0(4)
116.9(3)
118.8(3)
113.1(4)
117.8(4)
121.0(4)
111.403)
121.4(5)
118.4(6)
119.9(6)
114.9(4)
114.1(4)
125.2(4)
120.2(5)
1(5)
.1(6)
119.1(5)
115.4(5)

C(34) C(33) 115.4(4)
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‘Table 8: Bond angles (°) for [{(bpy):Ru}x(pzbbtz)]*" (continued)

atom

N(8)

atom

€34

atom

[¢E5))
€(36)
€(38)
C(40)
C@2)
C2)
C(a4)
c@s)

€(63)

angle

121.3(5)
119.0(6)
117.0(6)
121.6(4)
120.1(5)
121.2(4)
12340)
120.2(4)
1204(5)

170.1(10)

atom atom atom  angle

€(33) C(34) C(35) 1232(5)
C(35) C(36) C(37) 1204(5)
N(8) C(38) C(37) 1234(6)
€(39) C(40) C(41) 118.7(5)
C(41) C(42) C(43) 119.4(4)
N(9) C(43) C(44) 1154(4)
N(10) C(44) C(43) 114.5(3)
C(43) C(44) C(45) 1253(4)
€(45) C(46) C(47) 1183(5)
N(10) C(48) C(47) 121.2(5)
C(49) C(50) C(S1) 118.3(5)
C(51) C(52) C(53) 118.5(5)
N(I1) C(53) C(54) 1162(4)
N(12) C(54) O(53) 113.7(4)
C(53) C(54) C(55) 124.2(5)
€(55) C(56) C(57) 119.6(4)
N(12) C(58) C(57) 122.1(5)
N(I4) C(62) C(61) 178.3(6)
N(16) C(66) C(65) 179.3(9)
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