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Abstract

The work contained in thighesis focuses on the synthesis aabkctrochemistryof
certain metal conplexes that are involved in either catalysing production eof
renewable fuel, hydrogen, or are capable of mediating the reduction of molecular
nitrogen to ammonianitrogen fixation.Electrochemical analysis is used to measure
the kinetic and mechanistiproperties of the molecular catalysts used in this work
Semiconductingibcon eletrodes have been explored as a means of coupling these
hydrogen evolving and nitrogen fixation systems to the harvesting of visibledight
solar fuels and solar synthesis respectively.

Chapter lgives a general overview of thworld demand forenergy and how it is
currently produced. The current methods of renewable energy conversion are
discussed with solar energy capture offering the greatest poter@miversion of solar

to chemical energy is describéd be best attained bya solarproducer cell which

employs metal catalysts.

Chapter 2outlines the major techniques used throughdhe course of the workvith
light harvesting solar cells and electrocatalysts as desciibéus thesisincludingthe

theory behind them.

Chapter 3expandsthe study of hydrogen evolutioby cationic hydride complexes of
molybdenum and tungsten. The understanding of the basic electrochemistry of the

systems is extended arelectrocatalytic hydrogen evolution is optimised.

Chapter 4is concerned witkan enzyme elated to the brmate dehydrogenasewhich

has been shown to exhibit hydrogen metabolising chemis{Bawers et al).
Molybdenum and tungsten dithiolene complexes are analysed for catalysis of
hydrogen evolution and/or oxidation byectro)electrochemicahethods as potential

models for this pterin enzyme.

Chapter 5extends the studies otlectrochemicalnitrogen fixation ly a tungsten
hydrazide complex at the synthetic and mechanistic lev&lsotofixation ofdinitrogen
at a ptype silicon electrodevia this hydrazide system is exploreahd limitations

discussed.
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Chapterl

Energy: past, present and future

M DM ¢ K Siergy@ehmin®k Qa S

1.1.1 Energyequirements

Year after year the global demand for energy increases. This is attributable to
economicgrowth and the ever increasingorld population Every extra person needs
to be supplied with energy, in adwn to rising demand from the existing population

As a result, the demand for energy is growing exponentially, Figtire 1.
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Figure 1IWorldwidetotal energy consumptioiEJ, exajoules = 1x£Q).



The Figure shows a rise in energy of 50 EJ over the@gdr9902000 and a 130 EJ rise
to 550 EJin 201Q consistent with anapproximate exponential increase in energy
demand In fact, the world power consumption approximatedto double from 13.5
TW in 2001 to 27 TW by 2050 and to triple to 43 TW by 3100.

Therefore the g 2 NIeRef¥ requirements are escalating very quickly and current

methods of energy production are under scrutiny as described below.

1.1.2 Current energy sources#etors

¢CKS @1ad YlIa2a2NRGe 2F GKS 4 2INdelR &ishosnyirs NH &
Table 1

Type Share / %
Qil 324
Coal / peat 27.3
Natural gas 21.4

Biofuels and waste 10.0

Nuclear 5.70
Hydro 2.30
Other 0.90

Table 1Distribui A 2y 2F G2RI&Qa SySNBAe& adald & B820KSNI AY

Over 8% of energy is currently derived from coal, oil and natural gas; fossil Tueds.

low level of contribution of nofiossil energy sources to the present day global energy
demand reflects the readily available resources of oil, gas and coal. Even when oil
reserves become limiting, there will remain large reservoirs of gas and coal to Uiilise.

is also believed that there are ample fossil energy reserves, in one form or another, to
supply energy at a reasonable c8¢towever, these fuels are becoming matificult

G2 SEGNIXrOGZI 6AGK GKS flLrGSad YSiK2R 27
controversy over thg environmental impact. Theoncerns have included ground
water conamination and risks to air quality bgigration of gases and chemicaised

in the processo the surface”’

Fossil fuels as energy vectors are excellehey can store and transport impressive

amountsof energy for their mas. Their energy densities are up to 31.4 M for
2



coal 41.9 MJ kg* for oil and 47.2MJ kg* for natural gas.This meanshat energy
losses,in terms of transportation of the fuel, are kept to a minimum which in turn
helps keep the cost of energy loWhe energy vector replacement would have to have
a similarly high energy densitiydrogen, in the gaseis form, has an energy density
of 142 MJ g2 A method for the safe storage and transportation of dihydrogen needs
to be sought de to constraints about the safetyf @aseous hydrogen (dihydrogen).
Current methods cannot achievbe energy densities ragired to compete with fossil

fuels, so the possibility of using hydrogen as a fuel is still some way off.

1.1.3 Environmental effects of fossil fuels

The energy stored in fossil fuels is contaimethe form of carboncarbon and carbon
hydrogen bondsonce the fuels are burned to release energy;psgducts such as
carbon dioxide and water vapour are releasditheseare known to begreenhouse
gases and sthe problem for the immediate future is not a limitation of fossil fuel

reserves but the consequenseof fuel combustion.

e o
o] (o]

o
N

CO,/10"ton

0.2
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Figure2 Estimatedcarbon dioxide releaset the atmosphere’

Figure 2shows the estimated amounts chrbon dioxidereleased to the atmosphere;
levels of C®have been rising exponentially throughotite 20" century. In fact, the
atmospheric concentration of G@as risen from 280 ppm (parts per million) before

the industial revolution to a value of 400pm today’



Greenhouse gases absorb radiatidhNB Y (G KS S| withirk t0ei thedmdNJF | O ¢
infrared regionand then reradiate ths energy in all directionsThis process is the
fundamental cause of the greenhouse effect whereby h&tatiggles toescape from

0§KS SI NI K Qi has bedhephrd&d3haiShere has been a rise in the average
temperature of earth's atmosphere andceans since the late 19th century and it is
projected to continue. Since the early 20th centumpe earth’'s mean surface
temperature has increased by about 0.8, WGth about twothirds of the increase

occurring since 198t

There are no natural destrtion mechanisms of GOn the atmosphere, so the long
term removal of atmospheric G@nust occur by dsolutionand mineralisatiorin the
oceans:' However, the mixing time between the nesmrface ocean layer and the
deep oceans is between 400 and sevénalusand years? *3Hence without any type
of human intervention to change levels of £@hatever effects the increased levels of
CQ has on the environment over the next 80 year period will persist globally for
the next 5002000 years or even more Increasing the COburden of seawater

increases the acidity with consequential detrint@henvironmental effectd?

1.1.4 Renewable energy sources

Renewable eergy is obtained frontesources that are naturally replenished such as
sunlight, wind, rainwaves and geothermal heat. Currently about 17% of global energy
consumption comes from renewable sources. The distribution of the use of available

renewable energy sources is showrTable 2"



Type Share / %

Biomass heat 68.7
Hydropower 20.0
Wind power 3.06
Bioethanol 3.00
Biomass electricity 1.68
Biodiesel 1.02
Solar hotwater 1.02
Geothermal heat 0.72

Geothermal electricity 0.42
Solar PV power 0.36

Solar capture/storage 0.01

Ocean power 0.01

Table2 Distribution of available renewd energy source¥,

Biomass hating is by far the mostommonrenewable energy source used today. This
involves using agricultural, forest, urban and industrial residues and waste to produce
heat and electricity. On large scales, the use of biomass tadpesultural land out of
food production, reduces the carbon sequestration capacity of forests, and extracts
nutrients from the soil, so carries environmental concerns. Combustion of biomass
creates air pollutants and adds significant quantities of caraotine atmosphere that

may not bereturned to the soil for many decadels.is therefore much more desirable

to move away from energy sources that involve burnwdether it is renewable or
otherwise Sources that take up essential agricultural land whéyed could be grown
should also be reduced, leaving solar, wind and water as the most environmentally

viableenergy sources.

1.1.4.1 Solar energy

Although hydro and wind power presently produce more renewable enesgigr
energy has by far the most parttial. The amount of energy received by the earth from
the sun in one hours sufficientto power the whole world for one & if it could all be
harnessed® ¥ This is around 174 PW (petawatts). The most common way that solar

energy is used is by comaon to electricity by PV (photovoltaic) cellBhese work

5



using semiconductor technologyf alternating ntype (phosphorus doped) andtgpe
(boron doped) silicon wafers. Upon illumination, electrons in the electronpitpe
material are promoted to igher energy where they can migrate across the overall
silicon lattice until they recombine with a hole in the electrdeficient ntype silicon.
The movement of electrons creates electricityhe efficiency of these cells is
increasing all the time as tht&echnology is updated, at the moment the market
average is an efficiency of 428% solar to electric conversidhThe most efficient
solar cell so far is a mujtinction concentrator solar cell with an efficiency of 4%%
produced bythe US compangohr Junction in April 201%F.

Solar energy can also be harnessed used much more directlyespecially in the
developing world. Solar hot water systems use sunlight to heat water. In low
geographical latitudes (below 40 degree’) to 70% of the domestihot water useof

temperatures up to 60 °C can be provided by solar heating systems.

Solar distillation can be used to make disinfected water. Solar water disinfection
involves exposing watdilled PET(poly(ethylene terephthalatg)bottles to sunligh for
several hours. Exposure times vary depending on weather and climate from a
minimum of six hours to two days during fully overcast conditdngt is
recommended by the World Health Organization as a viable method for household

water treatment and ste storage®

Solar cookers use sunlight for cooking, drying and pasteurizaidrasic solacooker
consists of an insulated container with a transparengldl can reach temperatures of
85-135°C*

Solar chemical processes use solar energy to @dheenical reactions. These processes
offset energy that would otherwise come from a fossil fuel source and can also convert
solar energy into storable and transportable fuels. Solduced chemical reactions
can be divided intthermochemical or photocheroal, depending on whether it is heat

or light derived energy that is required to power the reaction.



1.2 Renewable energy vectors

All the renewable energy sources mentioned above can create usable energy but the
energy must be usk directly or it willbe lost. Br example, heated water or solar
cookerswill coolonce the sun goes down. EVEWV cellsvhich produce electricity from
sunlightneed to be coupled to a storage system to prevent the captured energy from
being lost. The current electrical stomgnethod of batteriedoses a lot of the energy
captured; a simple leadcid battery has efficiencies in the range-®0 % depending
upon percentage chargéand a lifetime of 20600 cycle$® Therefore, materials are
required that can store as much engrgs possible, while losing as little as achievable
and the energy must besadly released when it is needed. By looking for inspiration
from the existing fossil fuel system, a good way to store the energy is in chemical

bonds, so a way of converting sighit directly to a chemical fuel is required.

1.2.1 Artificial photosynthesisg solar producercell

Nature already has a way of converting sunlight directly into chemical fuels. This is
photosynthesis and it uses sunlight to convert carbon dioxideveatér to sugarsand

oxygen Equation 1.1

sunlight
6CO,+6H,0 — g CgH,;,04 + 60,

(Equation 1.1)

The average rate of energy capture by photosynthesis globally is approximately 130
terawatts®® which is about six times larger than the power consumption of human
civlization. As well as energy, photosynthesis is @soajor source offixed carbor
approximately 258 billion tons of carbon dioxide convertedto fixed carbonby
photosynthesis annuall§/. In all, photosynthetic organisms convert around 105
thousard million metric tons of carbon into biomass per yé&For the 45 % of light

that is viable for conversion by photosynthesis, an efficiency of solar to chemical

energy of 36 % is achievabl@.



Artificial replication otthe conversion of sunlight straigthrough to chemical fuelss

possibleusing a solar producesell.

1 1
1 |l
1! H
1! :
1 1
+
Pl 2H
1 1
| ¢t
2H,0 1 :
+
—— 2H
+ 1
2H' +0, |1
n-type 1! p-type
semiconductor 1 I semiconductor
o | proton exchange mem brane

Figure3 Typical solar producezell setup®

Figure 3 showshe desgn for one potential solar produceell. It is divided into two
halves; an oxidation reaction on the left and a wetion reaction on the right. In this
case the cell produces hydrogen as the energy vestrsplitting water into protons
and oxygen is the oxidation reactiofnce the protons are passed throughproton
exchange membrango the reduction side, they areeduced b hydrogen by the
electrons generatedrom the splitting of water. Each side requires a semiconductor to
harness the light and an electrocatalyst to perform the chemical reaction. For the cell
to turnover hydrogen with no external bias the twteetrocatalysts have to run at low
voltages as well as being very efficient at their respective chemical reaciibe are

thereforerequired to have a high turnover number and low degradation.

One complete solaproducer cell has been fabricated by theoyota Central Research
and Development Laboratories for the reduction of ,GO® formate with an overall
conversion efficiency of solar to chemical energy of @@B % with no external
bias® The cellemploysTiG as the ntype semiconductor for wateoxidation and zinc
doped indium phosphide surface modified with a Ru(bipy) type catalyst that has been
previously reported as the ptype semiconductor/metatomplex hybrid
photoelectrocatalyst for COreduction. Although the overallpercentage energy
conversion of the cell ifow when compared to photosynthesis, this proves that the
technologyis viable The majority of research groups working in this area focus on one

half of the cell, striving to engineer semiconductor and electrocatalyst systems with
8



the best efficiency possible for their specific reactidiis will improve the overall

solar to chemical energy conversion efficiency once implemented within a completed
solar cell The possible renewable fuel cell vectors that are being researched iato ar
mainly hydrogen, products of carbon dioxide reduction and also, less related to an
energy vector, but more of a chemical feedstock is the reduction of nitrogen to

ammonia

1.2.2 Hydrogen production

Hydrogen iseenas aclean energy carrier for the fute,* as asubstantial amount of
energy can be stored in tr@mplest of chemical bonds amatoduced from one of the

most straightforward chemical reactionSquation 1.2
2H"+2e =——= H,

(Equation 1.2)

The idea of a hydrogen economynist new: suggestionsf usingthis more renewable
energy source were made long before the first energy crisis of the 87@sthe
1930s Erren suggested that hydrogen produced from electrical water splitting could be

used as a transportation fuéf.

Curently, hydrogen is produced by reformation of fossil fuels and thisreladively
energy intensive proces#lternatives are nicketatalysed methane steam reforming
and the watergas shift reaction, which are outlined 8theme 1. These methods could
provide an initial venture into the hydrogen economy, but would only signify a small
improvement as they are still not sustainable. They are-rearewable methods of

hydrogen production because they still rely on oxidation of carbon: fossil fuels.



Methane steam reforming

800 °C, 40 bar

CH, +H,0 CO +3H,
Ni catalyst
Water-gas shift reaction
>200 °C
CO +H,0 CO, +H,
Fe catalyst

Scheme Hydrogen formation reactions

Biomass is another possibility, as it can easily be converted into a number of fuels
including methanol, ethanol, biodiesel and pyrolysis oil, which could be used to
generate hydrogetin situ However, even if biomass is collected sustainably, there are
drawbacks. Firstly, the conversions of the carb@sed fuels extracted from biomass
into hydrogen will rely on methods that are similar to those outlined above, so are
liable to produce signidant amountsof greenhouse gases. In addition, it would be
difficult to achieve the scales of biomass needed to support a hydrogen ecoridray.
final and possibly the most important argument against biomass, as previously stated,
is that precious land spacis required where food could be grown and this is

desperately needed in a world that is fodichited.

A different method looks at the possibility of reducing the temperature necessary for
the thermal splitting of water and a number of thermal chemicatley have been
proposed. Direct thermal splitting requires temperatures of over 200% and
produces a rapidly recombining mixture of hydrogen and oxygen. This method requires
great care as large mixtures of hydrogen and oxygen are potentially extremely
explosive so the evolution of the two gases would need to be segregated not only from

each other, but also the temperature of the reactor.

A completely different approach is to look to nature for inspiration. Enzymes found in
many bacteria and other orgasms can produce hydrogen with extremely high
turnovers, so a lot of research is going into understanding the mechanisms by which

these enzymes work. These enzymes are thEgNand the[Fe~g-hydrogenases.

A device based upon enzymes would ultimately be suitable to run a hydrogen

economy due to low current densities achieved from large pregeipported enzymic

10



structures. It is also very difficult to extract sufficient amounts to adapt for commercial

applications and their stability is often limiteditside of their natural environment

As the large enzymes are difficult to work with, research has been undertaken to try to
understand the mechanism from closely related synthetic active site mithi®sAt
present, these active site mimics are rhuess effective than the enzymes in terms of
air stability, overpotentialand turnover rates, but can be easily synthesised in the lab

and improvements are made on a relatively short timescale.

1.2.3 Products of carbon dioxide reduction

The use of carbo dioxide as a renewable and environntally friendly source of
carbon,a fuel and a (ouilding block is highly attractive/nfortunately, carbon dioxide

is a highly oxided and thermodynamically stable compound, and is consequently not
very reactive Asa result of the stability of carbon dioxide and the rising levels aficO
the atmosphere, one proposal to reduce the amount of,@OCarbon Capture and
Storage (C§. Here, carbon dioxide is capturém large point sources, such as fibss
fuel powerplants. It is then transportedio a storage site and depositedhere it will

not re-enter the atmosphere, normally an underground geological formation.
Although C@ has been injected into geological formations for several decades for
various purposes, itadingfor enhanced oil recovery, the long term storage oL, @
relatively new concept. The first commercial example wag/eyburn in 2008 and
another 75 other largescale integrated projectare mentionedin the 2012 Global
Status of CCS repdftA major concern with CCS is whether leakage of storeda@iO
compromisethe methodas a climate change mitigation optioli.leakage occurs in a
small area, highly concentrated €©an prove fatal. This has been the case on
occasions such afe extremecarbon dioxide outburst at the Menzengraben potash
mine 7 July 195%" Other concerns are the cost in terms of both money and energy,
and latest researclargues that there is a high probability that earthquakes will be
triggered by injection of large volues of CQinto the brittle rocks commonly found in

continental interiors®

Carbon dioxide sequestration, whereby €&reused by electrochemicaédudion to

some form of useable fuak a challengingask, but a much more attractive and
11



practical solutn to reducing atmospheric levels of &@an CCS.HE reaction isnuch
more complex than simple proton redtion for hydrogen evolution, asig affected by

outside stimulisuch as the influencef pH on the reduction potential, Figure'3.

0.5 CH,OH
—_CH,
~CH,0
Cco
— HCO,H
— C,04H;

E°/V vs SHE

05|

\

0 2 4 6 8 10 12 14
pH

Figure4 Plot showinginfluence of pH on the standamductionpotential of CQ and the product

formed. *®

Radical reactions can also be triggered, which can propagate lots of different reactions,

shown in Scheme %.

CO, +e

o,
2C0," —— C,0,%

CO,” +H,0 ——= HCOy

HCO, + e HCO,"
HCO, + CO,” ————= HCO, +CO,

co,"+CO, —  » ‘c—0—c-0
2 2 o7 _C\O

c-0—9 +e — » c-0—©
0~ ~0 o~ ~0

£-0—c§ —— co+co

2-
3

Scheme Posible radical reactions of carbon dioxid2

The figure and scheme above illustrates the diverse products that can be formed from
direct CQ reduction. This broad range encompasses both liquids and gases, so carbon

feed stocks could be synthesised for gfiecuses. However, there is enormous
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difficultly in producing a single carbon feedstock from the direct reduction ogfa80

only small changes in either reduction potential or pH can alter the product. Therefore,
research into control and tunability of daon dioxide reduction is just as important

and ultimately associated with improving catalytic efficiency. The introduction ef CO
reduction catalysts should offer more selective control over the carbon based products
formed and improve the turnover of thR S & A NB R LINE R Hz20Qir€dactiof 2 NJY |
can be controlled in such a way that CO is the major product, there is the possibility of
following Fischeffropsch chemistry, whereby CO and d¢&n produce hydrocarbon
fuels.This is advantageous if liquidSd a OFy o6S LINRPRdzOSR | a |

fuel would cause less social disruption.

Consequentlydesigning C®reduction catalysts is a widely studieget challenging

topic in chemistry.

1.2.4 Nitrogen fixation

Molecular nitrogen is the majoizcY L2 y Sy & 2F (GKS SFENIKQa |4y
non-polar and possesses a triple bond that is extremely resistant towards dissociation,

as shown by the bond dissociation energy of 945 kJ'fffdDue to the extreme inert

nature of the gasit is diffiault to convert dinitrogen into reduced forms such as

ammonia, or other nitrogeftontaining compounds.

Ammonia is an industrial necessity as a chemical feedstock for use in ferifider
necessary for all life on eartlbecausenitrogen atoms are requiredh the biosynthesis
of nucleotides for DNARNA and amino acid3he vast scale use of nitrogen, along
with other anthropogenic effects such as the release of Biissions from fossil fuel
combustion, has led to drastic modifications in the natural o cycle. This has
culminated in unfavourable transformations to mamgcosystems for example

nitrogen saturation in grassland and acidification of freshwater soliftes

Three large scale processes have been developed for the conversion of dinitrogen gas
into useable nitrogen containing feedstocksmmonia produced from such processes
currently exceed contributions from natural nitrogéiration.*® The BirkelaneEyde arc

method generated nitric acid via an electrical discharge into an oxpgesgen
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mixture*’ However, the high temperatures needed in the furnace to overcome the
activation energy barrier for this reaction rendered this process obsolete. The-Frank
Caro cyanamide procedure reacted calcium carbide with nitrogen at temperatures in
excess of 100 °C to generate CaNCN. The reactioexsthermic and sel§ustaining
once the reaction temperature veareached.The third and most commercially
successful route to synthetic nitrogen is the HaBaisch proceduré® In this process,
hydrogen gas produceldy steam reformation or partial oxidation of hydrocarbons is
reacted with dinitrogen gas over an iron catalyst at temperatures greater tharf@50
and 150 bar of pressur®.The reaction of bwith N, to form NH is exothermic, but
because of the considable activation barrierdue to slow reaction kinetigshigh
temperatures are needed to sustain an increased rate of ammonia formation.
Conversely, as the temperature is increased the equilibrium of the reaction shifts
towards the reactant gases. Thuscreased pressure is needed to shift the equilibrium
in favour of ammonia production. Although this procedure is energy intensive, the
process is actually reasonably energy efficient, with state of the art Habsch plants
reaching efficiencies approachirtge theoretical limit>™® The Haber process is now
used to produce 16 million tons ofammonia fromnitrogen per year: consuming up

to 5 % of world) aatural gassuppliesand around2 % of the world'stotal energy
supply annually. Since nature can accastpthis reaction at ambient temperature and
pressure> there is significant room for improvement in artificial nitrogen fixation. The
temperature and pressure required for effective nitrogen reduction catalysis could be
reduced by searching for a morefiefent method, possibly by designing a superior

catalyst.

1.3 Inorganic catalysi®f small molecule reactions

As mentioned above, direct catalysis of production of small molecules for fuels
requiresa significant energy input for the reaction to proceatla substantial rate.
This could necessitate high temperature and/or pressurer if the reaction is
electrochemically driven; a large overpotential. This is in contrast to the
thermodynamic potential for these types of reactions, which are in most caées

modest values. For example, the combination of dihydrogen and dintrogen to give
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ammonia is thermodynamically favoured at room temperaturbe reaction has a very
high activation energy barrier but can be driven at a practical rate with an
iron/rhenium catalyst. In the same wayeduction potentials forelectrochemical
reactions can be dramatically reduced to close to their thermodynamic reduction
potentials by employing noble metal electrode¥he reduction of protons to
dihydrogen (or the converse refon) is slow at conventional electrodes (vitreous
carbon, mercury)However, f the electrode is replaced by a catalytic materglchas
platinum, the reaction can then proceed at a reasonable ratea low ovelpotential.
Overpotential is the differere between the thermodynamic potential and the applied
potential at which a reaction takes place. Tihermodynamicpotential of the H/H,
coupleis usuallyguoted as0.00 V vs NHE (normal hydrogen elelctrodand this is

what is used for the purpose of ththesis

The scarcity and high costs of precious metals such as platinum pose serious
limitations to the widespread use. Therefgrié these reactions are to be utilised on

the large scales required to solve the future energy demadnehn these reactionsvill

need to be catalysed with more abundant metals. Examples of abundant transition

metals are iron, manganese and copper as showFigare 5
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Thus, the design and analysof abundant transition metal electrocatalysts are
required to establishmolecular catalysts for these reactiotisat can transferred to

large scalesSome recent developments this fieldare mentioned below.
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1.3.1 Electro@talysisof hydrogenevolution

Recent electrocatalysts developed for hydrogen production have been based on many

56, 57 ;

abundant transition metals, including complexes of nigk&cobalt>® > iron,* >°

and
molybdenunt® ® Two of the most active hydrogen evolution catalysts repdrare
the dicobaloxime systems detailed by Gfain terms oflow reduction potentia) and

the DuBois synthetic nickel electrocatalyst which has an extremely high turfiover.

Catalytic hydrogen evolution described by Gray used two monomeric cobalt cxesple
ligated by an octamethylene linked bis(glyoxime) structure as the electrocatalyst. The
two cobalt centres are far enough removed from each other that there is no electronic
communication between them as confirmed by the linear plot of cathodic pealemur
versus square root of the scan rate for the &ocouple. Upon addition ofp-
toluenesulfonic acid monohydrate (Ts®kD) as the acid source, catalytic waves were
observed at a potential slightly negative of the formal reduction potential for tH¥ Co
couple €0.37 Vvs SCE). This is a very modest potential for hydrogen evolution, but
because the acid used is relatively strong, this corresponds to an overpotential of
approximately 100 mV when compared to the standard potential for hydrogen
evolution of TsOH+O in acetonitrile. (E(HA/H) =-0.27 Vs SCE$* The overall rate
constant for hydrogen evolutiork.,, was estimated from the height of the catalytic
plateau current to beca 1000 M* s*. The lack of an increase in the catalytic rate
constant for the mononuclear Co complesuggested that hydrogen evolution was
likely to proceed through reductive generation of 'Bprather than the homolysis of
two Cd"H units. As of yet, no bulk electrosynthesis of dihydrogen formation by these

complexes hs been reported, so the turnover and Faradaic efficiencies are unknown.

The synthetic nickel catalyst detailed by DuBois is believed to have some biological
relevance to the [FeFdjydrogenase in that both catalytic sites contain pendant
amines on the gands that function as proton relays. The amine positioned near the
iron centre in the active site of the diiron hydrogenase subsite has been proposed to
facilitate formation or cleavage of the -H bond® Proposed transition states
demonstrate how the dobly protonated Ni intermediate contorts to make use of

these amine proton relays, Figure 6
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Figure6 Pendant amines of [NiEQNPhZ)Z]erfunction as proton rela)}a.4

The catalytic conditions of ;Hproduction from protonéed dimethylformamide
[(DMF)H]OTTf as the proton source in dry acetonitrile achieved good turnover rates and
a current efficiency of 99 % at a potential .13 Vvs F¢/Fc. However, this
corresponds to a large overpotential ok 625 mV when compared tché standard
reduction potential for hydrogen evolution from this acid. The rate of catalysis was
enhanced dramatically when the solvent media was altered to contain up to 1.2 M of
water, giving a turnover frequency of over 100 000 She catalytic rateanstant was
calculated, in addition to turnover rates, from cyclic voltammetic data of the cathodic
peaks currents before and during maximum catalysis, giving=k6.5 x 16M™* s*
based upon the concentration of acid and water added. The rate consitsut
indicates fast catalysis and is attributed to the relay properties of the pendant amines.
It is defined by ultraviolevisible spectroscopy that up to 5 % of the catalyst is
decomposed during the 0.5 hours needed for catalysis and much more is lughat

acid concentrations, so this would need to be improved for industrial Tise. proton

relaying ligand is also being applied to other metals such as c8balt.

1.3.2 Catalytic reduction of carbon dioxide

The latest research on homogeneous reductioih carbon dioxide using inorganic
catalysts still relies heavily on complexes based upon noble metals subkrasn’

and palladiunt® However, these complexes do provide the most efficient catalysis.

Research into carbon dioxide reduction using moraratant transition metals is most
notably performed using the iron porphyrin systems of Saveant. This dates back to

1991 where iroft porphyrins were reported to reduce G& CO at-1.8 Vvs SCE in
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DMF®°Regrettably, these prophyrins were unstable and delgd after a few catalytic
cycles. Over the years, the stability and reductions potential of the porphyrin systems
has been improved by modifications to the basic haem ligdrkhis has resulted in
relocationof the reduction potential for C&to CO convesion to-1.5 Vvs SCE in the
presence of weak Brgnsted acids. Recent functionalisation of the porphyrins with a
phenolic group to provide an internal weak acid source created initial catalytic
turnover frequenaés (TOF) of 15000 s*, resulting in 50 riflion turnovers in four

hours at an overpotential of 0.466 .

Another recent example of homogenous L£f@duction is a report of Ni(cyclam)
systems at a glassy carbon electrddélthough these systems have previously been
reported for CQ reduction inthe 1980s for having remarkably low overpotentials in
aqueous solution§ ™ the catalytic activity was proven to be attributed to a
Ni(cyclam) species absorbed onto a mercury electrdd@The behaviour was verified

by a plateau in catalytic turnoveeven with increasing concentrations of catalyst, so
was attributed to the limited area of adsorbed species on the mercury electrode and
the homogeneous catalytic ability of the Ni(cyclam) was thought to be negligible. No
studies of note were undertakenfaNi(cyclam) catalysed GQ@eduction at other
electrode materials than mercury, resulting in this useful study of the catalysis at a
glassy carbon electrode and establishing that homogeneous réduction using
Ni(cyclam) complexes was achievable with awer frequencies of up to 90’sand

turnover numbers of 4 for a long term controlled potential electrolysis.

Akin to hydrogen evolution, biological systems have also developed enzymes for
efficient and selectiveconversion of carbon dioxide to carbon camting compounds
used for energy.These enzymes reversibly catalyse the interconversion of carbon
monoxide with water to form carbon dioxide, protons and electrons. These are the Ni
FeS® and MoSCU’ enzymes and are collectively known as carbon monoxide

dehydrogenases.

Although most of the work in trying to mimic active sites of proteins has focused on
G0KS KeRNRIASYIlI aSas a2YS -A2aA NSIREQ  oNSRYHzOR A
dioxide. Tezuka and ewmorkers first reported the reduction of GQby ushg a

FeS(SR)? cluster in DMF? Although ironsulfur clusters are more commonly known
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in biology as electron transfer units, they are known to have multiplicity of function.
This clusterwasshown to be able to reduce C&xo formate at a potential of1.7 Vvs

SCE.

More recently, the Tatsumi group detailed the synthesis saflphidebridged
molybdenum copper complexes related to the active site of the CO dehydrogenase
enzyme® Several compounds were synthesised withaad resemblance tthe active
site, yet none exhibited reactivity towards carbon monoxide. This emphasises the

difficulty in constructing a working mimic of biological systems.

1.3.3 Nitrogenfixation

Research into electrocatalysis of fixing nitrogen into ammonia hasepded a long
way since the discovery of dinitrogen binding to transition metal compl&xa@he
latest results rely on welprotected iron or molybdenum cavities described by Schrock,
discussed in detail later, and molybdenum complexes including-tiAMP pincer

ligandssynthesised by Nishibayashi.

The molybdenum system reported by Nishibayashi gives almost triple the turnover
rates over the systems described by Schrock, as 23 equivalents of ammonia are
produced with respect to the cataly&.The formation of ammonia ém this system
relied on a bimetallic structure of two molybdenum centres bearing tridentate PNP

type pincer ligands, bridged by dinitrogen, Figure 7.

N
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Figure7 Structure of bimetallic catalyst composed by Nishibaya¥hi.

The ammonia yield therefore equated to 12 equivalents per single molybdenum centre
present which is the proposed catalytic species. Each molybdenum centre is also

ligated by two dinitrogen molecules to complete the coordination sphere. This resulted
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in anammonia yield of only 2 equivalents based on available nitrogen atoms present.

These ligands can also be carbon monoxide; however this dramatically reduced the
yield of ammonia so the dinitrogen ligands must be of some importance. The reaction

also requied a vast excess of reducing cobaltocene equivalents, 216 equivalents based
on the catalyst where 23 counterparts of ammonia were produced, yielding3aig

current efficiency.

The Holland group based their approach to reduction and hydrogenation ofeitrto
ammonia based on irepotassium molecular catalysts taking inspiration from the
current HabetBosch method. The Hab&osch process usas iron surface promoted
with potassium cation$o catalyse the reaction. This is manipulated by Holland ard co
workers to forma molecular iron complex that reacts with, Mnd a potassium
reductantto give a complex with two nitrides, which are bound to iron and potassium
cations® The nitride complex reactedith acid andor H, to give substantialalthough

not yet catalyticyields of ammonia. These reactiommmwever, providedstructural and
spectroscopidnsight into N cleavage and M bond forming reactions of iron. So far,

only molybdenum and tungsten complexes have been shown to do this chemistry.

1.4 Scee of thework

The aimsof this work was to develop molecular catalysts for reactions related to the
formation of possible renewable energy vectavgh the prospect of also harnessing
solar energyThis was achieved kgxploring (photo)electrocatalytic eetions at both
conventional and semiconductor electrodes using electrochemical methdds.
catalysts synthesised and usdxre all have at least some biological relevance to the
active site of an enzyme, so any mechanisms for the catalytic behaviourceedsh
help to understand the mechanisms for the enzyme itself. The reductive catalytic
reactions were studied using mainly electrochemical methods, as the idea was to
implement them as part of @roducercell type set up. Only the reductive half of the
cedl was explored, so the finished cell would require an oxidative reaction to complete
the circuit However, to simplify the understanding of these typespobducer cell
reactions, studying them individually using an external bias from a potentiostat
remowes the complications of observing both half cells simultaneously.
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Semiconductor electrode based on pype silicon were explored as a means of
harvesting light energy to provide a photovoltage the semiconductoelectrolyte
interface, thus enabling hyargen evolution and nitrogen fixatiomeactions to be

driven at lowerapplied potentials.
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Chapter2

Instrumentation and techniques

2.1 Electrochemicalechnigues

Hectrochemistry can be a very powerftéchnique for analysing the behaviour of
electroactivesystems There are many types of electrochemical techniques that can be
used tostudy the mechanisns of the electroactive species and these incllidear
sweep voltammetry,cyclic voltammetry,potential step experiments, rotating disc
electrode experimentsElectrochemistry can also be useddynthesise materiabn a

bulk scaleéby a technique calledontrolled potential electrolysi®r coulonmetry.

2.1.1 Cyclic voltammetry

Cyclic voltemmetry (CV) isa very popular analytical technique due to the non-
destructivenature of the procedureThe nondestructive nature comes from these

of a small electrodgarea in the order of 1®cn? or less), so only a small amount of
the electroactive species is altered at one time, leaving the bulk solutr@ouched.
CV is bein@pplied to an ever increasing rangé systems and caprovide useful
information about redox behaviour of electrochemigahctiveproceses, over a wide
potential range. This technique is very useful for preliminary mechanistic
investigations, indicatinghe type of mechanism undertaken and thmotential at

whichthe procesccus.
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During normal cyclic voltammetry with an inert working electrode, most commonly a
vitreous carbon electrode, the electrode material does not parti@pan the
electrochemical reaction. In other words, the electrode plays the role of a
heterogeneous outer sphere electron donor (or acceptor). The direct reduction (or
oxidation) of the substrat®y the electrodeequires a siable overpotential to give se
to a significant currentAn overpotential issubsequentlyrequired for the reaction to
proceed at a substantial rate. This is particularly true when the reaction does not
merely consist of an outer sphere electron transfer between the electrode and a
reactant, but gives rise to bond breaking and bond formation. These further chemical

reactions can simply be investigated by varying the sweep/scan rate.

CVworks by applying a potential sweep to an electroactive substance in solution and
measuring the cuent changes as the compound is oxidis€l or reduced R The
potential sweep involves selecting an initial start potential, then sweeping to a
second potential and halting, the vertex potentig}, over a certain timetermed the

scan rate. The potdial is then swept backwardsisuallyback to the start potential,

and typically at the same scan ratéhis is defined as the end potentidl; and is

explained pictorially in Figure.l.

N E/ mV

E, = Start potential
E = Vertex potential
E = End potential

B2 — Slope = Scan rateé/ mVs®

t/s
Figure 1Potentialvstime graph to show triangular sweep usedcyrclic voltammetry

As with any chemical or electrochemical procedure, the thermodynamics and kinetics
of the electron transfer process must both be considered. This is achieved using the

following mathematical methods.
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If an electrochemical cell is leftith no current flowing, eventually the potential of the
working electrode will reach a steady state value indicating the cell is in equilibrium.
The potential of the working electrode is then given by the Nernst equatiguation

2.1

(Equation 2.1)

The equilibrium potential is now related to the standard potential of the couplR,
O, and the surface concentrations, of OandR(F= Faraday constant, 96485 C mol

' & = no. of electrons)

If no current has flowed through the cell then no chemical reaction can have occurred,
so the surface concentrationgp and @, must therefore be equal to the bulk
concentrations, and @ . nsequenty, the Nernst equation can be altered

Equation 2.2

(Equation 2.2)

Now the cell potential can be calculated from the bulk concentrations of the analyte

constituents in solution.

If the potentid of the working electrode is adjusted from the equilibrium potential
gauged by the bulk concentrations ©fand R equilibrium can only be reinstated when
the surface concentrations @ and R have taken up new values as stipulated by the
Nernst equation For this to occur, a current is required to flow through the
electrode/solution interface. If the working electrode is made more negativas
converted toR by the passage of a cathodic current. The reverse is observed if the

working electrode potentibis made more positive.

These straightforward predictions ofE behaviour of the cell only cover the
thermodynamics of the system. The kinetics of electron transfer at any potential will

modify the magnitude of the current density flowing. However, tippléed electrode
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potential alters the rate constants for the electron transfdo account for all these

changes, the current density is calculated by the BeMelmer equation Equation 2.3
— €0 €O
(Equation 2.3)

This fundamental equation of electrode kinetics illustrates the way in which current
density varies with exchange current dengibackground current)’Q, overpotertial,

—, and the transfer coefficient$, and| . Theelectron transfer coefficientusually
takes the unitless value of 0.5 and the componengnifies the fraction of the
interfacial potential at the electrod@lectrolyte interface thatdoes dectrostatic work

on the electroactive material in solution to take it to the top of the free energy barrier.

Cyclic voltammetric measurements are concerned with looking at only a very small
portion of the bulk solution at one time, the fraction at the elede surface known as
the Nernst diffusion layerAs a resulbf this, mass transport becomes a very important

factor. There are¢hree methods of mass transport.

Diffusion ¢ the movement of a species down a concentration gradient which must
occur whenevethere is a chemical reaction #te electrodesurface. IfOis converted
to R the concentration oD is lower at the surface than in the bulk, while this is the

opposite forR henceOwill diffuse towards andRaway from the electrode surface.

Migration ¢ the movement of charged species due to a potential gradient. It is the
method by which charge passes through the electrolyte. The forces leading to
migration are solely electrostatic; therefore any ionic species in solution can become
charge carriersWith this in mind, the electrolyte is required in large excess to prevent

the electroactive species becoming the charge carrier.
Convectiorg the movement of a species by mechanical forces.

In an unstirred solutionvith an excess of electrolytas in cyct voltammetry diffusion

is the only type of mass transport that the electroactive species can undergo. The
simplest diffusion model assumes that the working electrode is perfectly flat and of
infinite dimensions. Using these assumptions, the concentratiewiations can only

take place perpendicular to the electrode surface and diffusion can then be
28
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a speciesQthrough a plane parallel to the electrode is gilwrEquation 2.4.

&1 0o 0 —,
Q®

(Equation 2.4)
O is the diffusion coefficient whictypically has values in the region of 16ém?s™. The

second law portrays the change in concentration@fith time attributable to the
diffusion, Equation 2.5

(Equation 2.5)
The flux ofOor Rcan be equated with the flux of electrons Byguation 2.6,

(@

o, ,O (.| d)
¢ 0 1 @
(Equation 2.6)
or Equation 2.7.
0 o | &
¢ 0 W

(Equation 2.7)
This diffusion controlled procedsads to the shape of th€\ a typicalexample is
shown in Figure.
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Figure 2Cyclic voltammetry of cobaltocenium reduction in 0.1 M [jBF]-MeCN at a scan rate of 10

mv &,

The exact form of the cyclic voltammogram can be determined mathematically by
3L AYy a2t @Ay 3 OanORtdobtaikE§Uatby 8. f | g T2 NJ

0 M@ "0—é o w o~
T O YUY

(Equation 2.8)

This is calledhe RandlesSevcik equation and nabe reduced to lie form shown in
Equation 2.9f standardtemperature is25 °C(298 K)

0 W pmME OO~

(Equation 2.9)

Here, "0, the peak current density is in A @&rOis in cnis®,” isin V &and® is in

mol cm?®. From this equation we can see that the peak current density is proportional
to the concentration of electroactive species and to the square roots of the istan
and diffusion coefficient. Atkrence to this relationship can be used to establish the
diffusion-controlled nature of the electrode process, and to determine eith@r D if

one of these is known independently.
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Figure 3Cyclic voltammetry ofobaltocenium reduction in 0.1 M [NB{BF]-MeCN at various scan

rates.

Once data for a compound has been collected at various scan rates there are

numerous methods for testing ether the system is reversible, as listed below.
1.YO O O 59/nmV

2.0 Oys 59nmVv

3.070s 1

4,00 * 7

5.0 is independant of

If the system does not comply with one or more of the above conditions then it is
implied that the electron transfer of the system is not reversible on the timescale of

the experiment and thexperiment is more complicated.

In certain cases, a redox active species may adsorb on the electrode surface. Where
both partners of a reversible couple remdinund then the cyclic voltammogram has a

symmetric shape with:

720 O O O0mv
8.s0F0s 1

9. Peak width at half height 90/n mV
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The latter relationship provides a ready means of distinguishing solution and surface

confined redox processes.

2.1.1.1 Nonreversible systems

For reversible systems, the rate of electron transfer at any potential is always
considerably greater than the rate of mass transport. This implies that a Nernstian
equilibrium is always maintained at the electrode surface. When the rat¢hef
electron transfer cannot maintain this equilibriymthe shape of the cyclic
voltammogram changes and the system is said to be irreversible. At low scasthates

rate of electron transfer can still be larger than that of mass transfer, so a rewersibl
voltammogram is recorded. Conversely, as the scan rate is increased, the rate of mass
transfer increases and becomes comparable to the rate of electron transfer. This most
notably effects the peak separation which becomes larger as the scan rate issedre
However, the most prominent trait of an irreversible system seen in a cyclic

voltammogram is the lack of a reverse peak.

There are two possible explanations for a redox active system to operateiigibly in
a cyclic voltammetriexperiment Theseare either slow electron transfer or coupled
chemical reactions. An example of an electrochemical process dRhibits slow
electron transfer is where a spstate change occurs, as in 060" redox couples.
There are many examples of electrochemistiith coupled chemical reactions and this

will be covered later.

If a system demonstrates slow electron transfer, it is common for the cyclic
voltammogram to show reversibility at slow scan rates and irreversibility at fast scan
rates. In the transitionakegion between these two states is a region where the
voltammogram is partially reversible. Here the system is said to exhibit -quasi
reversibility. This changeover from reversibility arises from the rate of electron transfer
becoming insufficient in compion to the rate of mass transport and therefore the

Nernstian equilibrium at the electrode surface cannot be maintained. In the quasi
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reversible region boththe forward and back reactions contribute to the observed

current. The region is usually confinexthe region defined by Equation 2.10,

™me’ Q ¢ pmulAIO
(Equation 2.10)
whereQ is the rate constant for the electron transfer.

Values for the electron transfer rate constaf®, can be obtained fronYO values by
virtue of working curves that have already been construct&tiorking curves are a

plot of Equation 2.11.
g¢YO vsi Tuf wherew 2 Z:&0“'77Q
(Equation 2.11)

Rate constants of up to 1 cni €an be calculated from this miebd. Alternatively,
digital simulation of experimental data can be used to calculate the electron transfer

rate constant and this will be discussed later.

In the case of coupled chemical reactions the scan rate has the opposite effect in that
voltammogramsbecome more reversible at higher scan rates. This is due to the
reduced amount of time available for the chemical reaction to take place on the

electrolysed species at the electrode surface.

There are many types of coupled homogeneous chemical reactibas &re

characterised by their mechanism.

The first is a CE mechanism which can be representé&jbgitions 2.12 and 2.13.

(Equation 2.12)

(Equation 2.13)
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These types of reactions typically include reduction of weattsashereby the proton

is reduced once it has been dissociated.
Tests for a CE mechanism are
1."OF 7 decreases asincreases

2.50¥Osincreases with and is always 1

The second is an EC mechanism is a very common amisoh in organic

electrochemistry and is described Bguations 2.14 and 2.15.
0 &Y

(Equation 2.14)

(Equation 2.15)

The cyclic voltammogram observed varies depending on the rates of the two steps.
The simplest case is whetige electron transfer is entirely irreversible. Here no kinetic

data can be obtained as the chemical reaction has no effect on the voltammogram.

The effect of a following chemical reaction is most easily noticed by the effect on the
reverse scan, wher® is oxidised. For a fast chemical reactiddis rapidly removed

from the region near the electrode by diffusion. Consequently, at low scan rates no
reverse peak is witnessed. As the scan rate is increased the reverse peak becomes
increasingly visible becagisghe time for diffusion oRaway from the electrode surface

is diminished.
EC reactions can be diagnosed by
1.sO¥Osis always less than 1 but tends to 1' ascreases

2."OF 7 decreases slightly asincreases
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The c#alytic mechanism is a specific type of following chemical reaction whereby the

reactant,O, is regnerated chemically, Equations 2.16 and 2.17.
0 €'Y

(Equation 2.16)

Y Ot 0 ©
(Equation 2.17)

Analysing these types of reaction mechanismdifiicult as they behave according to
second order conditions. Therefqrgystems are usually conditioned in such a way that
@ | & . In this waythe concentration ofX remains in essence constant during the
experiment and the reaction mecham can be treated apseudofirst order. Under
these pseudofirst order conditions, wherek is small or is large then the chemical
reaction has no effect and a reversible voltammogram is recorded. HoweMeis if
faster or’ is reduced then catalysimevitably will occur, so more reactan®, is
regenerated and consequently more currerdOs is produced. This value will
subsequently exceed the value predicted by the Ran8kmgcik equation. The values of
SO 7 sincrease withslower scan rates and the voltammogram peak becomes less
defined as the limit of catalysis is approached. When the limit is attained, the peak
disappears and is replaced by a scan rate independent plateau. The current density of

the plateau is given bigquation 2.18.

~
g

Er
O
e

O -
(Equation 2.18)
Therefore values ok can easily be obtained from the experimental valuéQof.

Calalytic turnover frequencies were recently determined for a hydrogen evolution
catalyst by DuBoiet al. from Eyjuation2.193
Q 3 Y YQG

Q mteo O

(Equation 2.19)
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This is ultimately derived from theame method as above, &uation2.19 is derived
from the division of the formula fofO , Equation 2.18by the formula for'O, Equation

2.8. This method requires an accurate measure of the one electedor the catalyst

in the absence of substrate and the value 'Gf that is achieved a@ plateau in
catalysis. For hydrogen evolution chfsis where the substrate is Hthe equation can

be further simplified by assuming that two electrons are passed for each molecule of
H, produced and that the acid concentration does not change in the course of the
measurement as it is in a large exce$his yieldsEuation 2.20 to calculate the

catalytic turnover frequency.

(Equation 2.20)

In a substrate independent regime, where an increase in acid concentration will not
affect the peak current as there is another limiting factor in the catalytic cile,is
equal t0’Q . In a substrate dependent regimehe catalytic rate constanfQ |, is

achieved by dividing by the concentration of substrate.

A catalytic mechanism can be recognised by

1.sOF 7 sincreases with decreasirig

2."0Omay reach a limiting value at low scan rates

3.s0svalues are greater than predicted by the Randlevcik equation

4.]OTOs L p

The ECE mechanisfollows a pathwaywhere the initial reaction product reacts

chemically to yielé specieh (which itself is not as readily reduced@s
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Scheme ECE mechanism.

These multelectron transfer processes are most common in organic electrochemistry,
but are also possible in inorganic electrochemistry. However, even for relativgiyesim
experimental schemes there are many variabthan can affect the CV response.
These are not only the first order rate constaif, the timescale and the scan rate
employed, but also the thermodynamics of the two redox couples invol@ég,and

h v @Qnd their electrode kineticgi.e. whether the couples are electrochemically
reversible or nox For the forward peak, whet is large compared to the rate of mass
transport, the electrode reaction will appear to be ab ¢ electron process aR

will rapidly convert toh Qwhich reduces further. Conversely ¥ is low it will behave

like an¢ electron pocess sinc&will not react to produce significant quantities bfQ
within the timescale of the experiment, as the kinetics are slow compared to the scan
rate. Thus for a given system, the apparent number of electrons invoéved, will
decreasefrom ¢ ¢ towards¢ as the scan rate increases.nf(s as readily
reduced ad0, then the forward peak will increase from a one electron process at fast
scan rates to a two electron process at slow scaregawhere response profiles
Equaton2.21

0 ¢Qz Yee
(Equation 2.21)

There can be difficultly discriminating between an ECE mechanism and a mechanism
involving disproportionatiort. This arises in a number of electrode reactions that
behave as if multiple electrons are simultaneouslgnsferred. For example, a first
electron is transferred in a reduction reaction mechanism which is followed by a
chemical reaction, with the product being more or as easily reduced as the starting

material, thus producing an overall twaectron process ashown inScheme 1The
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second electron transfer may occur either heterogeneously at the electrode via
reaction (iii) or homogeneously in the in bulk solution via disproportionation reaction
(DISP mechanism) with electron transfer from the primary reduspdcies as in
equation (iv). This discrimination becomes important when the DISP mechanism is
more complicated, for instance when other reactions such as H atom transfer or
dimerisation compete with the two electron process. These two mechanistic
ambiguites can be distinguished by performing a double potential step
chronoamperometry experimert.Assuming a reductive process as described above,
the potential is started at a value positive of both tle 0FY and’O 0 &Yaeredox
couples. It is then stepped to a value negative of these two couples, then the second
step is to a potential midway betwee@ 0FY and’O 0&Yeeso that the reduction

of h @ w @an be diven but alsothe oxidation ofRto O. If a DISP mechanism takes
place, the resultant current is oxidative due to the reconversionRafo O and

negligibleh §& presentThe mechanism is outlined in Equations 2.22 and 2.23.
0 Qz'Y

(Equation 2.22)

(Equation 2.23)

If an ECE mechanism takes place, in the second step, there will be contributions to the
current from both the oxidation oR and also the reduction oh &o there should
principally be some distinction. In favourable cagdes OK I NI OG4 SNRA&AGA O Y

during the second step in an ECE mechanism and radDI&P one.
Tests for these two similar mechanisms include

1."OF 7 varies with scan rate but may reach limiting values at high and low scan

rates Equatio 2.24.
sor Tsaév dOr 7s QO
(Equation 2.24)

2.s0¥Osincreases with scan rate and tends to one at high scan rates.
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2.1.1.2 Experimentalproblems with cyclicvoltammetry

All transient eleatbchemical techniques carry an additional double layer charging
current attributed to the supporting electrolyteThiscontributes to the total current
along with the faradaic current of the system under analysis. It is descEHipeations

2.25 and 2.26

(Equation 2.25)

(Equation 2.26)

From this you can see that the charging curréfdt, is proportional to’ , whereas
O is proportional to’ * . This is not g@roblem at moderate scan rates of 100
mV §', "O will take very small values of between 2 and 4 pAZzrhlowever, if high
scan rates such as 100 Vare required then the double layer charging current is no
longer insignificant and cyclic voltemograms may become distorted or hidden

beneath the charging current.

The problem of'Q™rop (potential drop) changes the applied voltage from the
necessary value) 0O “Q\This has the effect of decreasing peak heights and
increasiy peak separations. This behaviour is very similar to that expected for a slow
electron transfer step, so the two must not be confused. Therefore, when interpreting
whether a system has slow electron transfer or suffering ff@rop, it is best to
chedk the behaviour of a well known reveaose electrochemical couple such as

ferrocene.

2.1.2 Controlled ptential electrolysis (CPE)

Coulometric experiments are used to electrochemically synthesise products, whereby
the charge consumed by the oxidation oeduction of the starting material is
measured at an electrode under potentiostatic control. If only the oxidised species is

initially present, then the working electrode potential is set at a constant value
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sufficiently negative to cause rapid reductiai the analyte Equation 2.27 The

potential is maintained at this value until only the reduced species is present in
solution.

0 &€ Quuu Y

(Equation 2.27)

As he oxidised species is consum#te current decreases, reaching a plateaua
value close or equal to zero when the conversion is completedesidual current
usually remains that is attributed to the charging curremt background impurities
(charging current is dynamic so tends to zero when the potential is fiXEd¢

expaimental results araecorded by a currentime curve, usually in thehape of an
experimental decay, Figure 4.
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Figure4 Currenttime curve

The charge consumed during the experimenteasured incoulombs (C)can be
obtained from the aredeneath the carent-time curveby integrating the currenbver

the time of the experiment, Equation 2.28.

(Equation 2.28)
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The number of electrons), required for the reduction of starting materiaD, to a
product, R at the applied potentiacan then be calculated through feaay's law,
Equation 2.29.

(Equation 2.29)

Here, N represents the total number of moles of starting material present at the

beginning of the electrolysis arfeis Faraday's constant (96485 C ol

The rate ofelectrolysis (the cell currenfpr a given volume in the working electrode
compartment is governed by two variables; the electrode area and the rate of stirring
of the solution.The rate of stirring of the solution will determine the thicknesspf

the diffusion layer, which then determines the flux of the electroactive material to the

electrode surface and thereforhe magnitude of thecurrent.

At the surface of the electrode, the concentration of the starting matefalcan be
approximately consided as zerog = 0, because it is reduced immediately on arrival.
At a distance corresponding to the diffusion layer,the concentration ofO attains

that of the bulk solutionjo @ ! &Ay3 CAO1 Qa4 FANBRG fl g 27F
the conentration gradient across a planar boundary, wheeis the diffusion
coefficient of the species concernedf)the electrochemical reaction rate is limited by
diffusion not electron transfer kinetic¢he current densityl (I =i/ electrode areaA)

canbe calculated Equations 2.30 and 2.31

N _Q
(Equation 2.30)
© 0 €0 — <+«
w 9 o

(Equation 2.31)

From this direct relationship, it can be seen that if the diffusion layer thickness is
halved by incrasing the stirring rate, the cell current will double and the electrolysis
completion time will half.
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2.1.3 Calculation of efficiencies anaeyds

After exhaustive controlled potential electrolysis experiments where an electrocatalyst
has been employed,avious values are taken which give a measure of the efficiency of

the catalyst.

2.1.3.1 Chemicaligld

The chemical yield is a measure of the percentage of the product achieved
experimentally based upon the maximum amount of product that is theoretically
possible Equation 2.32.
G EA EEAﬁOKOT ABDCAI OA C)AAAM
G OT ARFEA A PAA

(Equation 2.32)

This value is easily calculated for hydrogen evolution electrocatalysis experiments
where a known number of equivalents of acid)(i$ addedThe theoretcal maximum

amount of hydrogen can be calculated from thelog equation Equation 2.33

M+nH*+nee —®» M+%nH,

(Equation 2.33)

2.1.3.2 Current #ficiency

The current efficiency is a measure of the electrochemical efficiency of the catlyst
is the theoretical amount of charge required to produce a fixed number of moles of
product divided by the experimental quantity of charge consumed to produce the
same amount and is expressed as a percentage, Equation 2.34.

4EAT OAGBREA

# OOOMEAE A B SR R G A 0oR AL ™7

(Equation 2.34)
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For example, the theoretical charge required to convert one mmol of protons to

dihydrogen is determined by the stoichiometry in Schenan@ is 10 F = 96.49 C.

2H"+2e0 ~——= H,
CO,+2e° ~——= (C0+1/20,

1/2N, + 3H* +3e" ——= NH;
Scheme Redox reactions encountered in this thesis.

If this process is found to produce 0.5 mmol efafter the passage of 100 C then the

current efficiency is 96.49 %.

2.1.3.3 Turnover amber (TON) and turnover frequency (TOF)

The definition of tumover number can be ambiguous. Originally defined by
biochemists as the number of turnovers an enzyme can undergo before total loss of
activity, it has been used by chemists (and eledtemists) using the definition shown
in Equation 2.35.

. 1d 7T Ib@AOGAO

Al E T ARG OAI UC

O
(Equation 2.35)

Whereas this definition of TON is convenient for conventional homogeneous catalysis,
in an electrochemical experiment where only a fractional quantity of the catalyst is
engaged in turnover, in the reaction layerjacent to the electrode, its use is limited.
Moreover, within the biochemical definition, electrocatalyst depleted in the reaction
layer is replaced by that in bulk solution. The derived parameter, turnover frequency
TOFj.e. TON Rt is similarly limitedas it will depend on the ratio of electrode area to
cell volume and the stirring rateSaveant has discussed these definitions in
electrochemical and chemical conteXtsNevertheless, within the context of
comparison of a set of experimental results undden under the same conditions,

rather than as absolute figures of merit, TON and TOF are of some value.
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2.1.4 Electrocatalysis

Catalysts are required for some chemipabcessedo enablethe reactions to occur at
cornvenient rates even if thereaction is thermodynamically favourable. This is the
same for electrode reactions as they may only occur at high overpotentials due to poor
kinetics. The aim of electrocatalysis is consequently to unearth alternative routes that
require lower activation energieand hence allow such electrode reactionsocur at
high current density,closeg to the thermodynamic potential of the reaction
Electrocatalysis is important to many applications of electrochemistry since the energy
efficiency of any cell is determinedy lihe overpotentials involved at the anode and
cathode. The efficiency of a cell is particularly important when the electrochemistry
will be applied to fuel cell technologgs any overpotential will result in less energy or
fuel created by the cell. Theverpotential is given by the Tafel equation, Equation
2.36.

Y Y,

| é"Ol '@ | 1"

(Equation 2.36)

Catalysts for reducing overpotential of electrode reactions can be by either species

attached to the electrode surface or dissolved in the electrolyte.

Currently, the reactions of the greateshportance of electrocatalysis are those that

are required for use iproducercells such agor hydrogen and oxygen evolution.

2.1.5 Semiconductorlectrochemistry

2.1.5.1 Backgrountb semiconductor electrochemistry

The widespread interested in these of semiconductor materials for electrochemical
studies was initiated by the oil crisis back in the early 1970s. This was when the first
search for renewable energy suddenly became apparent. Work by Fujishima and
Honda who reported the photoelectrochegal splitting of water using a titanium

dioxide electrode in 1972 gave the semiconductor research area a greater awafeness.
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This premise of being able to generate hydrogen using sunlight encouraged a wave of

scientists to involve themselves in semiconduatlectrochemistry’*

The main underlying problem with the semiconductor solar cell setup is that reactions
related to the production of fuel rely on successive rapid electron transfer to and from
the solution redox species. This is because productidinels such as hydrogen from
protons and carbon monoxide from carbon dioxide require electrochemical reductions
needing more than one electron. In semiconductors, side reactions such as electron
hole recombination limit the supply of electrons to the dlecatalyst and therefore

the semiconductor electrode often limits the reaction rate.

The field then saw a remarkable resurgence of activity following a paper by Oregan
and Gratzel reporting that a stable photoelectrochemical cell could be made using
nanoaystalline titanium dioxide coated with a rutheniubased sensitising dy#.This

not only reintroduced semiconductors as viable materials, but also created a new area

of research in dye sensitised solar cells (DSSCs).

2.1.5.2 Theory behind semiconductetectrochemistry

Semiconductors can reduce the potential required for a redox couple upon visible
illumination. Wrighton showed that pype silicon photoelectrodes could be used to
effect uphill reactions by around 500 ni\t was shown that the conversioof water

to hydrogen catalysed by a bipyridine derivative can be shifted frt®33 V at a
reversible platinum electrode, te0.73 V at an illuminated-fype silicon electrode as
shown by cyclic voltammetry. This phenomenon is rationalised by the promati
electrons from the valence band to the conduction band upon illumination with light

of the correct wavelength, Figuée
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Figure5 Promotionof electronsto conduction bandn illuminatedp-type siliconand movement across

semiconductor/electrolyténterface

The most effective wavelength of light for this process in semiconducting silicon can be
measured in terms of quantum efficiency (QE), the efficiency with which the light is
converted to electrons. Using this method it was found that the mogeatfal
wavelength of light was 40800 nm. Above 800 nm QE drops off and reaches zero at
1100 nm, consistent with the 1.1 eV band gap of silicon. The position of the silicon

band gap in two different electrolytes was measured-8905 \to -0.85 WsSCE?

Also noted was that redox couples could be seen outside the 1.1 eV bandgap of silicon.
The ability to observe redox couple outside the bandgap of silicon is attributed to the
FILOO GKFG WwWo2GK o0lFlyRaQ o@glftSyoS ol yR
potential. The wunpinning of the semiconductor band edges at the
semiconductor/electrolyte interfacds suggested to be the reason for thig the
unpinned band edges move with applied potential then the semiconductor behaves
like a metal, in that changes impplied potential occur across the Helmholtz layer

rather than across the space charge layer of the semiconductor.

The actual mechanism for electron transfer at a semiconductor/electrolyte interface is
more complicated. The movement of the majority carsiereate a charge separation.
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In a ptype semiconductor, a negative surface charge is accomplished by a depletion of

the valence band holes (positive charges) as shovfiguare6.*

Conduction band

Band gap

Space charge region

- -

Fermi level

Valence band

Electrolyte

Figure6 Representation of the mechanism of electron transfer attgpe semiconductor/electrolyte

interface®®

The valence band holes migrate towards the semiconductor/electrolyte interface

where they areremoved by the flow of the current. The electric fields associated with

these charge distributions result in the curuag of the valence and conduction bands.

The section where this curvature takes place is known as the space charge region and

the depth is related to the doping density, the electrical properties of the material and

the magnitude of the electric field. Ithe dark, the high concentration of majority

carriers compared to minority carriers (valence band holes in the case dfypep

semiconductor) dominate the current, concluding that electron transfer is from the

valence band. Upon illumination, photocurrenesponses reflect a combination of

electron transfer processes involving both minority and majority carriers.
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2.1.53 Limitations ofsemiconductor electrochemistry

The efficiency of a solar cell is ultimately determined by the quantum yield of nynorit
carriers available in the electiyde, so the limiting factors leading this need to be
thoroughly understood.The main limiting factor is recombination: the union of the
two opposing energy carriers, an electron and a hole. Electron hole recombircation
occur in two regions within a semiconductor as shown Figuedther coming together

in energy levels in the space charge regionoRat the surface via surface states, R

Conduction band

Fermi level R,
HEE E BN N EIN & BB N BN F BB BN BN B BN F BN B EE B =

Valence band Electrolyte

Figure7 Possble recombination pathways in ntgpe semiconductor®

The largest effects of recombination are apparent at low band bendirgg, at
potentials close to the flatband potential, since the recombination rate depends on the

density of minority carriers®

48



2.1.54 Measures of photoelectrochemical efficiency

There are three important electrical output quantities for a semiconductor/electrolyte
junction incorporated within a solar cell type arrangeméhfThe first is the short
circuit photocurrent density,sk This quantity is the obtainable current density when
photogenerated charges are free to flow through the external circuit. This provides
information on the net quantum yield for charge separation and as a measure of the
yield of minority carriers that survive to cross the semiconductor/electrolyte interface.
At short circuit, no net power is produced by the completed cell because the voltage
across the cell is zero. Therefore, the shartuit current is the largest current which
may be drawn from the solar cell. The second parameter is the -gpenit voltage,

Voc This is the maximum voltage produced from a solar cell and occurs when the net
current through the cell is zero, so again the cell will produce no power. This value
reflects the Gibbs free energy that can be produced by the photogenerated carhisr
described at both the shostircuit current and the opeiircuit voltage, the power
TNRBY GKS a2t N) OStf Aa TSNP ¢KSNBET2NEB:
quantity. In conjunction with ¥-and kg it determines the maximum powerdm a

solar cell. The fill factor is defined as the ratio of the maximum power (VJ) from the
solar cell to the product of 3¢and kg Graphically, the fill factor is a measure of the
Waljdzt NBySaaQFiguis 6 KS &a2fF N OS¢t f

(VM! |M)

Fill factor =

current, |

(VM-lM) / (VDC'ISC]

potential, V Voc

Figure8 Fill factor diagranfor a solar celf?
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2.1.6 Design of electrochemicatis

Electrochemical cells consist of the electrodes and electrolyte in glass compartments
that are commonly separated by glass frits. Three electrodes are regularly employed: a
working electrode whiclis used to probe the material under investigation, a reference
electrode that maintains a constant reference potential, and a secondary (or counter)
electrode to supply the currentFigure 7 The cell must be designed so that the data

collected is charaetistic of the properties of the reaction at the working electrode.

Reference electrode Workingelectrode
(Re) = Ag/AgCl, SCE, (We) = Pt, C, Si, Hg
Ag wire
//
Secondaryelectrode
P lass fri / (Se) =P
orous glass frit \
L i

Figure9 Diagram of 3 compartment electrochemical cell containing electrodes.

For cyclic voltammetry, the separation of the 3 electrodes into individual
compartments is not always necgy. A simple CV experiment can be done in a single
compartment if the reference electrode does not offer any interference to the
analyte, as such a small amount of the bulk concentration is oxidised or reduced at one
time. For experimental accuracy anckproducibility it is best to use a three
compartment cell.However, separation of the electrode compartments in this way
may lead to significarnf2 drop. There are ways in whi¢Q@™drop can be avoided, such

as changing experimental parameters: reducing electrode area, loweringratgn
minimising analyte concentration. Alternatively, cell construction camioved, for

SEI YLX § waAAyd OF WEtALNE (2 O02yySOi GKS

compartments in place of a glass frit.
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However, for controlled potential electrolysis it is imperative that the cell used consists
of three chambers separated by glass frits. One chamber hasvtirking electrode.

This chamber should be stirred to provide maximum mass transport to the electrode
during electrolysis. The reference electrodeusually housed in a separated second
compartment and the third chamber houses the secondary electrodethBthe
working and secondary electrodes should have a large surface area, so are typically
platinum meshes|arge pieces o¥itreous carbon or mercury electrodes. Changes in
the applied potential during electrolysis are a major problem since different aem
reactions can be accessed at different potentials. A bare silver wire is rarely used as a
reference electrode during a controlled potential electrolysis since its potential
depends on the composition of the solution with which it is in contact. @diet of a
controlled potential electrolysis is to change the solution composition, so a shifting
reference potential will result in drift in the applied potential. Therefoggher a fixed
potential reference electrode such as Ag/AgCl or SCE is usetk arotmpartment
containing apseudoreference electrode must only be exposed to solution whose

composition does not change.

2.1.7 Electrodes

2.1.7.1 Working Electrodes

Working electrodes are extremely diverse as the design is completely dependent on
the type of experiment studied. In experiments for examining mechanisms and
kinetics, the working electrode is a small sphere or disc, or a short wire, with the area
normally no more than 0.25 cfmes this reduces resistivity. Other larger types of
electrodes hat can be incorporated are metal foils, semiconductors, evaporated thin
films or powders pressed into pellets. The most essential feature of ekingp
electrode however, ihemical resistance to the solvent, electrolyte and any other
components that it ould come into contact with. In addition to this, it is preferable for
the electrode surface to be smooth so the geometry and mass transport are then
better defined. The working electrodes employed here are vitreous carbon, platinum,

gold, mercury pool andemiconductor electrodes.
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Vitreous carbon (or glassy carbon) electrodes are nearly ubiquitous in the laboratory
today because of their availability in variosisapes and formsand usefulness over a
wide potential range. It is made by pyrolyzing a carlpofymerto a temperature of
around 2000°C. The resulting materialetains high conductivity, hardness and
inertness. The exact structure of glassy carbon has long been a subject of dedate
there are currently two hypotheses. The two suggested struc@e anntertwinding
ribbon-like structuré® and a fullerene type structur® The inert behaviour of vitreous
carbon to nearlyall substratedeads to the versatility. This is particularly useful when

looking into hydrogen evolution catalysis.

Vit. C
H*+e ~—— H" E%=-2.10V vs. NHE (25 °C)

(Equation 2.3y

The very negative reduction potential for tHeomogeneousactivation of protons
means that catalytic behaviour of hydrogen evolution can confidently be attributed to
the catalystunder investigation af vitreous cebon electrode over a wide potential

range

Platinum electrodes are implemented as working electrodes mainly for the purpose of
giving a reference potential for proton reduction from different acouces as a

means to comparéydrogen evolution catalystto.

H* +e+ Pt Pt——H  E®=0.00V vs. NHE (25 °C)

(Equation 2.38

Platinum is currently stillhe most efficient catalyst for hydrogen evolution owing to
the high intrinsiexchange current densifpr proton reduction. This is attributed to

the properties of platinm which stabilizes a covalent-Atbond*
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Figurel0 Volcano plot of logyivalues for the HER asfunction of MH bond energﬁ.2

This special property of platinum is displayed conveniently in the volcano plot of
exchangecurrent density for the hydrgen evolution reaction against metaydrogen

bond energyshown inFigurel0. Platinum sits at the very top of the volcano owing to

the fact that the metal hydrogen bondbat LJt | G A ydzY YI 1S&a I NB WwWed:
are not so weak that they are brokdrefore dihydrogen can be formed and not too

strong as to form metal hydride bond®ndering dihydrogen formation unfavourable.

Mercury pool electrodes are very practical for controlled potential electrolysis
experiments. As they are liquid electroddbe surface can be easilsefreshed by
agitaing the surface using a stirrer. Thresults in very efficient electrolysis
experiments. Mercury also has a large overpotential for hydrogen evolution so also
allows a considerable working range at negative patdatMercury oxidises at a very

modest potential so is not suitable for oxidative studies.

Semiconductor electrodesnplemented here are ptype silicon These areused for
reductive electrochemistrywith a photocurrent achieved when the electrode is

illuminated using a fibreoptic white light source.

2.1.7.2 Secondarylectrodes

The purpose of the secondary electrode is to supply the current required by the
working electrode without in any way limiting the measured response of the cell, so

should therefore should have a larger area than the working electrode. Numerous
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reactions can take place at the secondary electrode, including breakdown of solvents
Thesecanaffect the response at the working electrode, so it is wise to segregate the
working and secadary electrode compartments with a glass frit. Platinum is usually

employed as the secondary electrode due to the excellent electrochemical properties.

2.1.7.3 Referencelectrodes

The role of the reference electrode is to provide a fixed potential ikainvariable
during the experiment. This can then be related to the agreed standard in the
electrochemistry field, the normal hydrogen electrod®HE) As the reference
electrode holds a fixed potential, any change applied to the cell by the potentisstat
transferred directlyacross the working electrodsolution interface. The reference
electrodes implemented are saturatethlomel electrode (SCE), silks#ver chloride

(Ag/AgClandsilver wire.

The saturated calomel electrode is reversible to chieridn and is made up in

saturated aqueous potassium chloride and can be widely used in many solvents.

Silversilver chloride electrode is a neaqueous electrode containing a mixed solution
of 0.45 M [BuN][BR] and 0.05 M [BxN][CI] so can be used in hdgi solutions. It is

also useful if the experiment is water sensitive.

The availability of various reference electrodes is because the ions used in the
solutions of the electrodes can have adverse effects on the electrochemical response
of the compound undeanalysis. If none are suitable, the best external reference to
use is a silver wire. This is because, although the reference potential output is
changeable, the eleémchemistry is not compromised h& reference potential can be

calibrated afterwards, byusing an internal reference such as ferrocené/ffccouple).

2.2 Digital smulation

5AIAGHE AaAYdAg FGA2y A& | @GSNB  dzaSTFdAd 0

electrochemical data to experimentally achieved data by use of the mathematical
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equatiors relating to electrode kineticsnd thermodynamics outlined earlieAlthough
0KS (SOKYyAljdzS Aa y2¢g O2YY2yte 1yz2ey | a
techniques employed are much older than the digital computer. The technique dates
back to at last as early as use by Richardson in 181 these early times

St SOGNROKSYAOIE SyaAySSNR 62dzZ R WaAYdzZ |
during these early years that most of the theoretical groundwork and refinements
were done, leading to thewo theories of electrochemical kinetics used today. The
ButlerVolmer method was developed by John Alfred Valentine Butler and Max
Volmer, and is currently the most widely used theory for electrochemical simulation. It
describes how the electrical curremin an electrode depends on the electrode
potential, considering that both a cathodic and an anodic reaction occur on the same
electrode. To include mass transfer effects, the general form of the BJténer

eqguation istakenas shown in Equation 2.39.

~ A

— n # 1O £ 0 . # 1O | €0 .
O 068® e A@bﬁo @] pre Aob ,Y,,Yo O

(Equation 2.39

The competitor to this theory is the Marcus theory which was developed by Rudolph A.
Marcus, stating in 1956, to explain the rates of electron transfer reactions, that is the
rate at which an electron can move from the electron donor to the electron acceptor.
This is a more indirect method of calculating the electrode kinetics as it determines the
Gbbs free energy of activation of the electron transfer, and thus the reaction rate. It is
calculated from the reorganisation energies of solvent molecules as a result of the
rearrangement of charges associated with the electron transfer. There are many
equations connected with this theory and it is still in developmenith the Compton

group leading research in this aréa®

The digital simulation software used in this worlDigiElch engineered by Rudolph in
2004. It is a variation dDigiSim whichwas in part alsgroducedby Rudolph along
with Feldberg in 1994DigiElchsimulates user defined mechanisms consisting of a
number of charge transfer steps and first or second order chemical reactions. All
simulations ca account for effects such & ™drop and/or double layer charging and

kinetics of the system can obey either Butdolmer orMarcusequations. To run a
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simulation of experimental data, the electrochemical system is outlined by the charge
transfer reactions, the coupled chemical otans, and the initial concentrations and
diffusion coefficients of the species in solution. There are then two methods by which
the simulated data can be fitted to the experimental data. These are the user trial and
error method, where the simulation pameters are altered until the simulated data
closely resembles the experimental data. Alternativelymultiple voltammograms
employing different parameters such as scan rate or concentration can be imported
and fit to the same model by computer iteratioty lan isotherm to get reliable kinetic

and thermodynamic properties.

2.3 Spectroelectrochemistry

Electrochemistrycan elucidate formal reactionmechanisms via kinetic analysis.
However,this techniquealone is often not immediately suitabldor identification of
unknown speciedormed as intermediates oproducts in a redox reactionThis is
becauselittle to no structural informationis provided about the analyte. Conversely,
isolated spectroscopic techniques can only provide structural information about
species that are stable on a relatively long timescale. Therefooejbination of
reactionoriented electrochemistry with  specidecussed spectroscopy in
spectroelectrochemistry(SEC)can solve this problemallowing a more complete
analysis of electroransfer processes and complex redox reactiois the combined
techniques are performedin situ over a much shorte timescale, short lived
intermediates or unstable productsiay becharacterised.There are many different
examples where electrochemistry é®upled with spectroscofr techniques?® These
include electronic absorptionvibrational modes, light emission, magnetic resonance
and circular dichroismSEC systemisave beenconstructedto be appliedto small
molecule systems, but struggle to reasbb-second timescale ands a resultmany

transient species are missed.

Infrared spectroelectrochemistry ({8EC) provides insight into redox reaction
mechanisms that cannot be obtained using either technique individudlhis is
achieved by timeesolved monitoring of strongly IR absorbant systems, such as
complexes containing IR active ligands like CO, CN ,orTiNe power of the
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measurement is in the complementary nature of the spectroscopic and
electrochemical information available when obtained simuétansly. The combination
of measurements, however, requires compromisevieeen the IR spectroscopy and

electrochemistry because of their different sampling requirements

No commercially available SEC cell was suitable for research undertaken within the
Enegy Materials Laboratory due to the second timescale of detection. This is
attributed both to the intrinsic SEC cell design and the method of deteclibaefore

a SEC cell wadesignedn house to achieve fast timescale detection.

SpectroelectrochemistrfPartners S®2 cellwas designed in such a way that it could

be mounted directhupon an ATR plate, Figuré.1

Figurell Picture of ATRSEC setup.

The ATR used istaA { S alLwl Of S | ¢-mountelsilicerierystalfatdd & A y
b2 NIi KdzY 6 NA& | h LJG A(@abkst band 2.760 pimy t8 .60 Liin)j S/iNGh is
connected to a fast respondgruker Vertex 80 spectrometer equipped with a mercury

cadmium telluride (MCT) detectgiving a detection time limit as low as 80 ms.
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Even with this fast response IR detection, the SEC cell has to be designed so that
electrochemical conversion of the species under analysis at least matches the speed of
the IR detection. For this to be poskla thin layer of the analyte solution is required,

so the cell was designed as follows.

SEC cell B2 employs the usual electrochemical setup of three electrodes asrsio

Figure 2.

Micrometer 4|;|
A

Stainless Steel

Reference Electrade
(Ag wire)

Counter Electrode
[Pt Wire)

Working Electrode

Figure12 Diagram of overall cell design

The silver wirepseudoreference electrode is positioned in the bulk solution and is
therefore less susceptible to potential shifts as concentration fluctuations in the bulk
solution are negligible. To minimis&™rop, the platinum counter electrode is
positioned as close asopsible to the vitreous carbon working electrode (area = 0.071
cn?), which itself is attached to a micrometer. The micrometer allows the depth of the
working electrode to be adjusted relative to the ATR plate. A thin analyte solution layer

of typically 10> Y OFy 6S I OKAS@SR 06SisSSy (KS S¢S
crystal by use of the micrometer. The thin layer of analyte is rapidly electrolysed at a

rate comparable to IR sampling.
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Counter Electrode Pseudo-reference electrode

Working Electrode —

Evanescent Wave Thin Layer Region

Figurel3 Close up diagram of thin layer region between worlétertrode and IR source.

The thin layeralso limits mass transport to and from the diffusion layer by the
electrode surfacefrapping electrochemically produced speciesclose proximity to

the detector, thus improving theehance ofdetectingshort-lived intermediates

A typical spectroelectrochemical experiment involves initially performing a cyclic
voltammetric analysis with the working electrode raised to several hundred
micrometers so that the process is not diffusion limited. CV data can then leeteall

with the minimum amount ofQdrop. As the cyclic voltammetry is recorded against a
pseudoreference electrode, it can be compared to a cyclic voltammetric experiment
performed independently using a definitive reference electrode such as Ag/AgEL. T
cyclic voltammetry identifies the potential at which to perform bulk electrolysis of the
thin layer during spectroelectrochemical analysis. Results from SEC of the thin layer are
recorded as timeesolved difference spectra where an IR spectra of thetisig
material is subtracted from subsequent spectra recorded for the domabf the

experiment, Figure4.
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Figurel4 Example of timgesolved IR spectroelectrochemical difference spectra.

Difference spectra consist of a series of spectra recorded twex (blue to red)
containing IR absorbance peaks of both negative and positive itiesnsNegative
peaks signify a loga the species, so typically corresponds to the consumption of the
starting material. Positive peaks correspond to an increasedrsfiecies and therefore

are attributed to the formation of a product.
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Chapter3

Photoelectrocatalysis of hydrogen production at p

type silicon by molybdenum hydde systems

3.1 Introduction

3.1.1 Overview

The cationic molybdenuthhydride complex[MoH,(' -O,CCH)(dppe)]* represented

by Figure 1 has been shown to electrocatalyse hydrogen evolution iragoeous

solution?

Figure 1Pictorial representatiomf [MoH,6 *-O,CR)(dppe)]”.
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Although the electrocatalysis is neither fast nor occurs at a lowpmtential, the
system is robust and can serve as a model system for probing photoelectrocatalysis at
semiconductor electrodes. This chapter describes in detail the electrochemistry of such
molybdenum and tungsten hydride complexes at inert electrodesiy thehaviour as
electrocatalysts for hydrogen evolution and how this compares with their

electrochemistry at gype silicon photocathodes.

3.1.2 The hydride complexes: synthesis and background

chemistry

Cationic hydride, carboxylate complexes of mgbdenum were first synthesised and
characterised by It who reportedwell-defined mononucleacarboxylate complexes

of molybdenum containing tertiary phosphineghesynthesiswas achievedby treating
[MoHy(dppe)}] (dppe = 1,2vis(diphenylphosphino)étane) with [RCEH] (R = CH Ck

or H)followed by anion exchange witiNaBPhL]. The mechanism was uncovered by
reaction with the corresponding deuterated carboxylic afRICQD]. This showed that
the first step in the reaction was protonation dMoH,(dppe)] which gave an
intermediate pentahydridecation, followed by selective evolution o Hccompanied
by binding of the acetate group/arious simple reactions were undertaken including
air and temperature sensitivitylhe complexes were found to be madtely stable to
air in the solid state and in solution when kept in the dafke complexjMoH,0 %
O,CCH)(dppe)]" was reported to be stablén vacuoup to 150°C, making it very
thermally stable. Upon irradiation with a high pressure mercury lamp for 5 hours, the
neutral monohydride complex was formefMol &*O,CCH)(dppe).], revealing that

light can greatly affect the stability of these complexes.
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3.1.3 Eas studies of the electrochemistry of cationic hydrido

carboxylato complexes of molybdenum and tungsten

3.1.3.1 Basic electrotransfer chemistry: primary and secondary

reduction steps

The MY complexes [Mit -O,CR)(dppe]” (M = Mo or W, R = Glér CF) undergo a
quasireversible single electron transfer at a vitreous carbon electrbilee reduction
potentials for these first electron transfer steps varied according to the
electrochemical properties of thenetal and the electron withdrawing capabilities of
the R group, which affects the electron density at the metal centre. If the R group is
altered to contain highly electronegative atoms, such as fluorine when Rz=aCF
powerful electron withdrawing groups created, moving the reduction potential more
positive. Replacing tungsteby molybdenum also results in a more positive potential
for reduction as the MO bonds are weaker for molybdenum than for tungsten.
Quantifiable electrochemical variables of #ee quastreversible steps have been
measured for the complexes. For M = Mo and R s, @i¢ standard heterogeneous
rate constant, k= 1.7 x 10 cm §" at 301 K in the electrolyte solution 0.2 M
[BwN][PR]-dimethylformamide (DMF), the electron transfee S F FA OA Sy G = h |
the activation energy, Fet = 30 kJ mdl, were estimated by numerical simulation of
current-potential data. The k.t was suggestive of an inner sphere structural
rearrangement associated with the slow electron transfer and thas consistent with

the cleavage ofamet@d E& 3Sy 62y R ¢ KS NB%Bcarboxylgt& pareryt St S
Mo" cation is reduced to the 1% t S O {i-bebyxylate M8. The corresponding
tungsten complex [Wph 2-O,CCH)(dppe)]* behaved in an analogous waypart from

that the electron transfer kinetics were slower withdpproaching 18cm s*at 300 K.

The slower electron transfer kinetics can be explained by a strong® Wénd.
Reducing thestrength of the tungsteroxygen bond by introducing an electro
withdrawing group as ifWH0 %-O,CCE)(dppe)]*, increases the electron transfer rate

constant, kby about an order of magnitude.

The 17electron primary product, [Mbd *-O,CR)(dppe], undergoes a single electron

transfer giving the 1&lectron anion. The process was fast and reide at reduced
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temperatures (0°C for M = W, R = @H20 °C for M = Mo, R = GH The unstable
anions could not be electrosynthesised in bulk, however HHO,CCH)(dppe)] was
trapped by protonation. Thus controlled potential electrolysis of p/f&4
O,CCH)(dppe)]” in the presence of one equivalent of §M)H gave the stable
trihydride [WHo *-O,CCH)(dppe)], Figure2, essentially quantitativel§.

Figure 2Crystal structure ofWHs0 l-OZCCIgl)(dppe)z] as determined by single crystaray analyss.

The carboxylate possessing thkcoordination mode was fully consistent with thé

' ! conversion associated with the primary electronation step. Correspondingly,
[MoHs0 *-O,CCH)(dppe)] (peak Y in Figure 3) was detected in the cyclic voltammetry
of [MoH,0 %-O,CCH)(dppe}]" upon reduction in the presence of a proton source.
However, [Md+6 *-O,CCH)(dppe)] was thermally unstable and lost dihydrogen to
form the monohydride complex [Mo 6*O,CCH)(dppe}] (peak X in Figure 3). The two
species can beseen on the cyclic voltammetric timescale in the CV of Hiddd-
O,CCH)(dppe)]” in the absence of acid, Figure 3.

65



X Y
0
<
3
=
—-20
_40 —100mVs™!
-1.5 -1.0 -0.5 0.0
potential /V vs Ag/AgCl

Figure3 Cyclic voltammetry of 1.4MM [MoH,(' >-0,CCH)(dppe}][BPh] complex in 0.1 M [NB{[BF;]-
MeCN at a vitreous carbon electrode100 mV &.

In the presence of an excess of aaidectroreduction of [MH:0 2-O,CCH)(dppe)]*
sustained a dihydrogen evolution cycle. For the tungsten system, the mechanism was
postulated to proceedia protic attack on the trihydride to generate the panecation

and dihydrogen, as solutions of 6 *-O,CCH)(dppe)] reacted with protic acids
which quantitatively gave [Who %-O,CCH)(dppe)]” and H. For the Mo compound,
protonation was described to take place on one of two pathways, either protonation
of the trihydride gave the parent molecule and dihydrogen or following thermab$$

from [MoHs0 *-0O,CCH)(dppe}], protonation of the monohydride gave [Ntb6 -
O,CCH)(dppe}]".

The mechanism is supported by stopped flowW¥ studies on the selectivelease of

dihydrogen upon deuteration diVHs6 *-0,CCH)(dppe)] with DCI or DBt

H\ /D
w® +H,
/A
/ O\/()
H\ / + DX \ /H Hl_H
L = | O e— VIV@H fastT

Figure4 Mechanism for the selective elimination of dihydrogen from the reaction betwgéir;0 L

O,CCH)(dppe)] and DX (X = Cl or Bdppe ligands omitted for clarily
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The spectrophotometric study conducted showed that one equivalent of acid was
consumed in the formation of the first detectable intermediate, and that was most
likely the deuteration of the pendant acetate group which fodméWHso *-
OCCEOD)(dppe)]'® ¢ KS (1 Ay SiArda 27T 20ECHdape)NIKdmi A 2y
[WHz0 *-OCCRDD)(dppe)]* exhibited first order dependence on the concentration of

the complex, but a complicated dependence on the concentration of acid, which led to
the conclusiorthat multiple pathways may operate as shown in FigureThe reason

for the selective production of Hwas found in the original crystal structure of
[WHs6 *-O,CCH)(dppe}]. The hydride nearest the oxygen of the acetate group was
distinguishdle from the other two as it was within close enough proximity to

LI NIAOALI GS Ay KERNRISY O02yYRAYID tNRO2Y
m | T-2.78, 2H) and consequently the complex was considered a two site molecule.
The pendant acetate wasegarded as the deuteration site and the metal the H

evolving site.

3.1.3.2 Binding of substrates at Mand W' centres

Two-electron reduction labilises the carboxylate ligand in complexes -fMH
O,CR)(dppe]”. Thus in the absence of acid, the lmaxylate was completely cleaved
from the metal after the two successive electronations, as opposed to being trapped
when a proton was present. The expulsion of carboxylate exposed a site at which
various small molecules bound. Thus cyclic voltammetry ot -O,CCH)(dppe}]*
under dihydrogen revealed the formation of [Mgldppe)], whilst [MoH(N,)(dppe)]

was formed under one atmosphere of dinitrogen. Under an atmosphere of carbon
monoxide, both the carboxylate along with the two hydrides were lost tnaths
[Mo(CO)(dppe),] was formed":

3.1.3.3 Bioinorganic context: carboxylate as a leaving group at the active

site of the MoFeprotein of nitrogenase

Complexes of the typéMH,0 -0,CCH)(dppe}]* hold structural relevance to the

molybdenum atom within te active site of the [MoFajitrogenase, whereby the
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carboxylate of homocitrate is mimicked by the carboxylate of the analogue complexes
Ay GKS !yt8edZThdse Eomplexes were therefore used for mechanistic studies
of dinitrogen binding and reductioin relation to the enzymé.This work may no

longer be of interest to nitrogenase functionality research, as the latest studies suggest

that it is two iron atoms that are the site of dinitrogen binding and reducfidn.

S CO,~
/
/s.\Fe \Fe/,s\ 0 .
—S(Cys)—Fe——S F\ / F&5 /Mo 0

-0
/
S
l/\\,NH

Figure 5Structure of the MoFeitrogenase.

The ' *-carboxylate coordinated to Mo in the molybdenum nitrogenase might have
similarly acted as the leaving group as illustrated by the Mo and W hydrido
carboxylate complexes with the ligategemalkoxy group of homocitrate serving to
tether the released adoxylate in the vicinity of the metal so it was available for
reattachment in the latter stages of an enzymic cyflen the model systems, when

(i K $carboxylate became dissociated, the vacant site could be taken up by dinitrogen
when exposed to one atosphere of dinitrogen gas to form [Meff\,)(dppe)]. This
dihydride was unstable and slowly lost dihydrogen to produaas[Mo(N)(dppe).],
detected by cyclic voltammetry. Stoichiometric dihydrogen loss from a Mo centre
often occurred after dinitrogerbinding, which suggested that obligatory hydrogen
evolution in the enzymic reaction was produced as #ipduct, rather than used as a
mechanism for site generation before the substrate bound. Major elementthe
Lowe and Thorneley biochemical model fitrogenase functiotf were adopted by

this chemical model, whereby suppressible hydrogen evolution, substrate binding and
stoichiometric release of dihydrogen involved tgem-alkoxy secured carboxylate to

function as a leaving group at molybdenum.
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3.1.4 Ean studies of the photoelectrocatalytic systems ai-

type silicon

3.1.4.1 Photoelectrocatalysis of proton and €@duction on ptype Si

Visible light driven photoelectrochemical conversion of protons to dihydrogen is-a half
cell reaction of releance to the generation of as a clean energy vecta;solar fuel.

A similar cell can be produced for the reduction of carbon dioXid&y far the most
advanced technology for converting light to electrical energy is based on
semiconducting silicon. hese readily available and welharacterised photovoltaic
materials can also provide a means of directly converting solar energy to stored
chemical energy in a photoelectrochemical device. Such conversions at semiconductor
electrodes were delineated ovethirty years ago by Wrighton, Bard and their-co
workers who showed that illuminated doped silicon could be used to drive solution
oxidation (rtype Si) or reduction reactions{gpe Si) at bias potentials some 500/
'uphill' of their reversible thermodyamic potentials®** Bradley gave an early
example of the electrocatalytic capabilities of-type silicon by performing
photocatalytic reduction of carbon dioxide at atype Si photocathode with a tetra
azamacrocyclic nickel complex as the electron mtedi® Conversion of carbon
dioxide to carbon monoxide and hydrogen in a 2:1 molar ratio was achieved with
current efficiencies around 95 %ubiak and cavorkers have very recently shown that
similar photovoltages on ype Si can offset the potential nessary for the
electrocatalytic reduction of carbon dioxid® carbon monoxide by Re pyridine
species'® and generation of hydrogen by a [Fefigdrogenase active site mimic.
Controlled potential electrgkis of the illuminated photocathode gaveelective
photoreduction of C@to CO in the presence of Re(biBy)(CO)CI{(bipy-BU) = 4,4Q
di-t-butyl-v S-bip@ridine}s A G K | CI NJ Rca9 & ASHbrticcaityatém 2 T
ST UOA Sy O for Fightto-chemical energyconversionwas observed for the
photoelectrochemical production of CO. Photoreduction of,(Bét)(COj] (bdt =
benzene dithiolate) at an illuminated-tgype Si electrode achieved a homogeneous
photocatalytic reduction of protons to hydrogen with 100 % Faradaic efficiency and

monochromatc light to chemical energy conversion of 8 %.
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This has stimulated further work on-fype Si systems. For exampkarly work on
direct photoreduction of prtons on illuminated gype Si was shown to be sluggish
unless platinum wasncorporated in a surfacéayer,"® Chorkendorff and cevorkers
have now showrsilicon surface modification is possible with a more earth abundant
metal based catalyst Surface bound MgS; centres can catalyse the evolution of
hydrogen at rates comparable to that of platinufi,when coupled to a fiype Si
semiconductor that harvestsed light. The current density of the system implies a

solarto-hydrogen efficiency in excess of 10 %.

3.1.4.2 Photoelectrocatalysis at other semiconducting materials

Many other semiconducting mati&ls have been designed in a hope to improve the
essential properties for light to energy conversion. The quantum efficiency of the
material needs to improve as much as possible so that the light absorbed is converted
to usable electrons and not simplyslothrough recombination with holes. Also, the
band gap is required to be large enough that as much of the visible spectrum can be
absorbed as possible for efficient use of sunlidttis separation between the valence
band and the conduction band sign#i¢he amount of energy that is required to excite

an electron across this gap and therefore has a dramatic effect on the magnitude of
the potential shift observed when the cyclic voltammetry of a system at the
illuminated materialis measured. The trend generally the bigger the band gap, the
greater the potential shift, although there other factors that alter this bias potential,

such as théV R | NJ-dhifted)yedoy potential and illumination intensity.
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Material Formula | Band Gap / eV
Tin dioxide SnQ 3.7
Gallium nitride GaN 3.44
Zinc oxide Zn0O 3.37

Titanium dioxide anatase/rutile  TiQ 3.2/3.02

Cadmium sulfide CdS 2.42
Gallium phosphide GaP 2.26
Tin sulfide SnS 2.2
Gallium selenide GaSe 2.1
Cadmium selenide CdSe 1.74
Indium phosphide InP 1.35
Copper sulfide CuS 1.2
Silicon Si 1.11
Tin sulfide SnS 1.0
Iron disulfide FeS 0.95
Indium nitride INN 0.7
Germanium Ge 0.67

Table 1Various semiconductor materials and their band gap"

Photoelectrocatalysis has been investigated withmsoof these materials including an
early study by Wrightoret al.?® In water, the photoelectrochemical reduction to, H
was effected by illumination of -fype WS surface modified with Pdor PP in a

photoefficiency for Hevolutionof 6-7 %.

Another studyapplying a less common semiconductor involved the study of imidazole
and pyridine catalysed eduction of carbon dioxide at lluminated iron pyrite
electrodes?®® The illuminated iron pyrite electradresulted in a shift of 77 mW ithe
potential of the rediction of the amine electrocatalysed g@duction. Thissmall shift
wasattributable to the high density of defect states in thatural pyrite samples used

in combination with the small banglap of iron pyrite.

An artificial photocatalytic # evolution system assembled using semiconducting
cadmium sulfide (CdS), cobaloximeand triethanolamine (TEOA) asa sacrificial
electron donor showed high hydrogen evolutionactivity.?* Under visible light

irradiation, turnover numbes of up to 171were achievedbased onthe cobaloxime
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catalyst and a calculated overajuantum efficiencyof 9.1 %. CdS only has excited
state lifetime of the nanosecond timescafeso the only way the promoted electron
can be used by the electrocatalyst is by the quenching of hol@sbghthe sacrificial
electron donor.Longlived electrons (microsecond teecond) can be produced by
semiconductor when it is exposed ® sacrificial electron dond? %’ this is why
sacrificial electron donar are widely usedin semiconductotelectrocaalyst

photoelectrocatalysiseactions®®>!

Organic photweoltaic (OPV) cells have rarely been used in conjunction with hydrogen
evolution, however a photocathode for the formation of hydrogen has recently been
constructed using pokg-hexythiophene (P3HTphenytGsi-butyric acid (PCBM) as the
heterojunction directly coupled to molybdenum sulphide nanoparti¢fesMoS
nanoparticles were either spiror spraycoated onto the surface of the organic light
harvesting system which in turn was supported on umditin oxide coated glass. The
completed photocathode gave the most efficient current responses for JMih&
thicknesses in the range of 40 nm when subjected to a very strong aqueous acid
source, 0.5 M bBQ. Gas chromatography confirmed light inducdddrogen
evolution. The efficiency was improved when JWs incorporated into the catalytic

layer to aid electron transfer.

3.1.5 Scope of the Chapter

The work of this chapter wa® extend theunderstandng of the electrochemistry of
[MH,0 %-O,CR)(dppe]* systems,how they function as electrocatalysts for hydrogen
evolution at inert electrodes, and how they support electrocatalysis at a light

harvesting ptype Si photocathode. The following aspects are covered:

(1) Digital simulation of theyxlic voltammetry of the complexes was used to
relate structure to heterogeeous eletron transfer rate constantsDFT
calculations were used to provide information on structural changes
following the primary electron transfer.

(i) Electron paramagnetic resonee (EPR)studies were used togain
information on the spirstates of the system fl@wing single electron

transfer.
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(i)  Kinetic and mechanistic aspects of hydrogen evolution are discussed and a
model for the electrocatalysis is presented, supported by digitalulation
of experimental data.

(iv)  The photoelectrochemical and photoelectrocatalytic behaviour of the

complexesat p-type silicon is described.

3.2 Results and Discussion

3.2.1 Basic electrochemistry of [MH.0 *O,CR)(dppe)*

systems

3.2.1.1 The prirary electrontransfer step

In earlier work measurements were made for the Mo acetatomplex,[MoH,6 -
O,CCH)(dppe)]*, in 0.1 M[BwN][BR]-MeCN electrolyte. It was found that this polar
solvent leads to decomposition of the trifluoroacetate derivativaesd therefore an
alternative electrolyte system was sought in which to compare all the complexes. DCM
(dichloromethane) has a limited potential window in the cathodic regime, THF
(tetrahydofuran) is suitable buf2™drop (potential drop) tends to be prdématic and

the lone pairs of electrons on the oxygatom could potentially lead to coordination

to the complexes.The 1:3molar ratio [BwN][BR]-toluene solution formsan inert
electrolyte with good conductivity at above 30£KThis solvent watherefore chosen

to examine the behaviour of the complexes. Comparative data for Mo acetate complex

in the two solvents is provided.

Figure 6 shows the cyclic voltammogram [idioH(' 2-0,CCH)(dppe}][BPhj] recorded

in 1:3 molar ratidBwN][BR]-tolueneelectrolyte at a vitreous carbon electrode.
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Figure 6Cyclic voltammetrpf 1.12 mM [MoH(' 2—OZCCIzJ)(dppe);][BPh;] complex inl:3 molar ratio
[NBw][BFR]-toluene at a vitreous carboelectrodeat 303K at a scan ta of 100 mV 4

There are two successive oréectron reduction steps. The primary process is quasi
reversible, the secondary process is partially reversible and gives rise to the product
oxidation peaks shown in the vallhmogramand labelled peaks X and Y in Figure 3
The following chemistry has been discussed in earlier work and will not be addressed
here! The quasteversible nature of the primary process is evident from the scan rate
dependance of the voltammograms.t Alow scans the separation of the peak

potentials is substantially less than the peak separation at a faster scan, as is illustrated

by Figure 7.
5

&
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Figure7 Scan rate normalisedyclic voltammetry of 1.12 mM [Moff 2-OZCCIj)(dppe)][BPh;] complex

in 1:3molar ratio[NBu][BF]-toluene at a vitreous carbon electrode at various scan rates ak303
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The slow electron transfer associated with a quasiersible system cannot support a
Nernstian equilibrium at the faster scan rates. Slow electron transfenatlactrode

can be associated with structural change concerted with electron transfer events or a
spin state change. The earlier work on this system establishing the trapping of a
monodentate carboxylat-& LIS OA Sa LINR OA RSR & Rpyuaurad A RS

rearrangement is concerted with the primary electron transfer, Scheme 1.

H H H H
\ / \ /
M\@ e M
O/ 0 S e |
|, o
R R
18-electron 17-electron
M(IV) M(11T)

Schemel Chemical structural change associated with slow electron traridfgoe ligands omitted for

clarity).

3.2.1.2 EPR detection of the primary Mbreduction product

The formation of a MY species by onelectron reduction of the (low spin) Mo
parent should lead to the generation of a EPR (electron paramagnetic resonance)
active species; either a 18 f S O -AtBtayfe or a 15 f S O (-AkBtate complex.

The reduction ofMoH,06 %-O,CCH)(dppe)}]" at controlled potential was carried ot

a 0.2 M [NBul[BR]-THF electrolyten the cavity of an EPR cell at room temperature
(Xband, 9.5 GHz), sweeping the magnetic field from 3200 to 3600HE.was used as
the solvent in these EPR experiments due to the fact that it has a low dielectric
constant when compared to acetonitrile. Toluene also has a low dielectric constant but
it was rot feasible to matain the warm temperature requed for the toluene
electrolyte system within the cavity of the EPR setup. It was important that the solvent
had a low dielectric constant so that the polarisation was kept to a minimum when the
magnetic feld was applied, thus maximising the signal to noise fatidhe response
from the complex Figure 8 shows the spectrum obtained after 200 scans with the
potential held at the onset of primary reduction. There is one major signal centred at

3383 G with aminor signal at 3491 G.
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Figure 8EPR spectruraf the reduced complex [Mojd l—OZCR)(dpp&)] (Power =2.012 mW,
Modulation amplitude = 1.0 G)

The major component has,g= 2.006 which islightly higher than the free electron
value of 2.002and consistent withcoupling to other spin %2 nucletrhis eleven line
spectrummust arisefrom hydride and phosphorus hyperfine coupling. Four equivalent
phosphorus atoms would be expected to give a five line spedin@two equivalent
hydrides, with a smaller hyperfine cpling than phosphorus, splihis further to give
eleven lines.The fat that the four phosphorus atoms must be equas for the
above spectrunto be observed means that they must all lay in the same plane. For
this to occur, the far atoms must rotate from their out of planarrangement
observed in the starting materiabnfirmedby the Xray structure in Figure,1andtwo
signals in the  NMR whichsignifying that there aréwo pairs of equivalent P atoms.
Planar arrangement of the phosphorus atoms can then only be reached by relieving
steric hinderance about the metaand thus breaking of one of the metakygen
bonds:' 2 {i 2' sttuctural conversionThis structural conversion is illustrated in the DFT

calculations in Section 3.1.2.3.

The deuterated species wasso prepared, [MoD,(O,CCH)(dppe)]’, and thein situ

generation of the paramagnetic species repeated, Fi§ure
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Figure 9EPR spectruraf the reduced complex [Mofo l—OZCR)(dpp&)] (Power =2.012 mW,
Modulation amplitude = 1.0 G).

The clear loss of proton hyperfine is evident. Deuterium hyperfine coupling is six times
smaller, so is poorly resolved and therefdhe resulting spectrum is dominated by the
five lines expected for four equivalent phosphorus atoms. Thhe results are
consistent with the retention of the hydriggwith the phosphorus ligands a planar

arrangementand theefore theformation of aMo",17-S £ S O (-hidetstecorhplex

3.2.1.3 DFT calculations on the parent and one electron reduced species

Ly 2NRSNJ G2 3IFAY TFdNIKSNI Ayardakid Ay-iG2 (K
carboxylate, DFT calculations were undertaken. Attempts toulsita the 1,2
bis(diphenylphosphino)ethane system proved difficult because of the large number of
atoms involved: opimisation did not converge after several weeks of calculations. A
simplified model of the complex was therefore chosen, tlbmpe [1,2-
bis(dmethylphosphino)ethankecomplex.Calculations for [Mah(' >-O,CCH)(dmpe)]*

and related systems were carried out at tlBSLYP hybrid GGA functioralel of

theory. Molybdenum atoms wereéescribed using the SDD basis sat,other atoms

used the 631++(d,p) basis sé€full details can be found in the experintah section)

¢ KS &G NHzO (i dzNBspetigs issliosn i Bight&Sn0.i =
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FigurelO Pictorial representation of [Mo} 2—OZCCIgj)(dmpe)z]+ as calculated by DFT

As expected the acetate ligand adopts th&configuration with the hydride and
phosphineligands deployed in a similar fashion as to that found iy crystal
structure of the complex{MoH,(' -O,CCH)(dppe}]’, Figure 1. Calculations were
repeated for the oneelectron reduced system which showed a geometry with the

acetato ligand now in the * open form, as shown by Figure 11.

Figurell Pictorial representation of [Mojf 1—02CCH)(dmpe)3] as calculated by DFT

Theaddition of a second electron gives a structure similar to that of the one electron
reduced species consistent with the fastrpally reversible electron transfer observed

for the secondary process, Figure 12.
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Figure12 Pictorial representation of [Mo}f -O,CCH)(dmpe}] as calculated by DET

However, the MeO bond length is lengthened by about 0 A4This weakening of the
Mo-O bond is consistent with the lability of the acetate group at this redox level and

replacement by ligands such ag I€O or ki

From the calculated strucures of the Mo acetate complex in thé’Mo'redox states,
it was possible to calculate tbeetical infrared features inthe gasphase. Figure 13

shows the calculated spectra in the range 1&IMO cnt, which encompases

vibrations associated Mbl and €0O.

AMJL

|
2000 1800 1600 1400
Wavenumber/cm™!

Relative intensity

Figure B Simulatedinfrared stretching frequencies of [dH,0 Z-OZCCIé)(dmpe)r (+1), [MoH,0 L
O,CCH)(dmpe}] (0) and [MH,0 1-OZCCH)(dmpe)z]' (-1)in the gas phase as calculated by DFT.
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The calculated bands fgMoH,0 ?-O,CCH)(dmpe)}]* and the experimental bands of
[MoH,0 %-0,CCH)(dppe)]" are in very good agement when considering the fact that
the phenyl groups on the phosphine ligands are replaced by methyl groups in the
modelled complex. This increastine electron donating capabilities of the phosphine
ligands as the electron withdrawing phenyl subsett has been removedand

therefore shifsthe IR stretching fregencies to a higher wavenumber.

a) Experimental IR for b) Calculated IR for
IR Stretch ) L . .
[MoH,(' *-O,CCH)(dppe)]*/ cm™ | [MoH,0 *-O,CCH)(dmpe)]*/ cm’
A O aHg 1880 1915 (sym), 1900 (asym)
A O h fyh 1470 1561
A O h§mh 1410 1510

Table2 Experimental and calculated IR stretching frequencies for the compjibbas,6 *-
O,CCH:)(dppe)]” and [MoH0 R-OZCCH)(dppe)ZT respectively. (a measured as KBr disc, b simulated in
the gas phase

From comparison of the IR data for the experimental and simulated complex for the
analogousstretches, it is clear that the calculated data pssitively shifted in
accordance with the increased electron donating capability of the methyl substituent
on the phosphine ligand compared to phenyl in the experimental case. However, when
the two sets of values are plotted against each other they fatb an straight line,
Figure A3.1This shows that there is good agreement between the experimental and

simulated complexewith respect tothe structure.

hy GKS 02y g%kt 2 ¥ 32 ¥ R Gfé8 follovkng the single electron
reduction, the CO bands 4561 and 151@m* disappear and a new band for C=0 is
calculated to occuat ca1630cm™. There is also a substantial shift in the Mastetch

to a lower frequency, from1915 and 1900 cito one band1820cm™. On addition of
the second electron, the calculated shifts of CO and-HWdrequencies to lower

wavenumber are relatively small.

In summary, the DFT calculations support the conciugiom the experimental data
that the single eled N2y (NI yaFSN f Scabaxlaiv A By R LIS g A o
ligated form and a further electron transfer weakens the fdoond, consistent with

lability of the acetate group at the Mo
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Confirming these theoretical results experimentally to prdkie validity of the DFT
calculations would be beneficial. In principle, this should be possible by thin layer
spectroelectrochemical studies of the Maystem.However hydride bands are weak
and signal to noise ratio in preliminary SEC studies prevedgtsttion of these bands.

The CO stretchetiave a stronger IR absorbance than the hyelrlshnds, so would
potentially have a response above the noise level, baly ifa filter transmitting inthe
correct range 1300-1700 cnt, is used to cut down the aount of data to process.
Unfortunately, thiswas not avdable at the timeof undertaking the work so no

experimental timeresolved IR data could be recorded

3.2.1.4 Influence of the metal and the carboxylate ligand the primary

electron transfer

Figuire 14 shows the cyclic voltammogram [MoH,(' >-0,CCH)(dppe)}][BPh] and of

its tungsten analogue.

0
5
£
< -2
=
—M=Mo
—4
—M=W

-16 -14 -12 -10 -038
potential /V vs Ag/AgCl

Figure 14Concentrationnormalised cyclic voltammetry of [MH 2-OZCCH)(dppe)z][BPh;] complex in

1:3 molar ratiNBuw][BF]-tolueneat a vitreous carbon electrode at 303 K at a scan rate of 100'mVs

It is evident that under the same experimental conditions the electron transfer rate for
the tungsten complex is slower than that for the molybdenum complex. As is also
generally the case, the tgsten complex is harder to reduce than its molybdenum
analogue® Figure 15 shows the behaviour of the three structurally related tungsten

complexes with formate, acetate and trifluoroacetate ligands.
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Figurel5 Concentration normalised cyclic voltammetry of [\{(lﬁ—OZCR)(dpr][BPn] complex inl:3

molar ratio[NBu][BF]-tolueneat a vitreous carbon electrode at 303 K at a scan rate of 100'mVs

As would be epected, the trifluoroactate complex that possesses the electron
withdrawing CF group is substantiallgasier to reduce than the formate complex,
which is in turn more easily reduced than the acetate. What is also clear from this
diagram is that the more electron withdrawing the group, the faster the
heterogeneous electron tragfer. This can be explained bslectron withdrawing
groups weakening the WD bonds and lowering the activation energy forii 21

structural rearrangement accompanied with electron transfer.

3.2.1.5 Determination of heterogenous rate constants for the primary

electron transfer step

The experimental data for variation in the shape of the voltammogram with scan rate
can be dyitally simulated and from this the value of the heterogenous rate constant
estimated. A set of data showing the primary reductiofMbH(:%-O,CCH)(dppe)]*

in 0.1 M [NByY][BR]-MeCN at 303 Kor a range of scan rates is shown by Figure 16.

From thisdata k (MeCN) was estimated to H&35x 10“ cm s'at 303 K.
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Figure 16Cyclic voltammetry of 0.98 mM [MgH Z—OZCCH)(dppe)g][BPhJ complexin 0.1 M

[NBw][BR]-MeCNat 303 Kat a vitreous carbon electrode at various scan rates.

In the toluene elecwlyte the corresponding set of voltammograms is shown by Figure

17, from which a heterogeneous rate constant g{tkluene) =1.09x 10* cm ' was

estimated for the primary electron transfer step, also at 303 K.
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Figure 17Cyclic voltammetry of 0.98 moH,(' 2-OZCCH)(dppe)Z][BPhJ complex1:3 molar ratio

[NBw][BR]-tolueneat 303 Kat a vitreous carbonlectrode at various scan rates.

Clearly the solventlectrolyte system has an effect upon the heterogeneous rate

constant with that measured in MeCN beingoait sixfold greater, Table 3. This is

L2aaAoft e

| & & 2?08 P dorS/&siod wherk solvaiidh by the more polar

solvent of the carbonyl group stabilises the transition state, leading to faster electron

transfer kinetics.
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Table 3 shows the paramats obtained by digital simulation of the experimental cyclic
voltammetric data for the cyclic voltammetry of the set of Mo and W complexes

studied in the toluene electrolyte, Figures ARA3.11.

M R | EV | h/eV | ke/ 10%cms® | D/10cmfs | C/mM
Mo H -0.94 0.50 2 3 1.11
W H -1.09 0.55 0.2 3 1.13
Mo CH -1.10 0.50 1 3 1.12
W CH -1.27 0.62 0.2 3 1.10
W CR -0.76 0.50 2 3 0.60
Mo? CH; -1.15 0.50 6 10 1.11

Table 3Digital simulation of lectrochemical values for complexpdH,6 Z—OZCR)(dprf in 1:3 molar
ratio [NBu][BF]-Tolueneelectrolyte(a = in 0.1 MBuN][BR]-MeCN electrolytept 303 K at a vitreous
carbon electrode& =0.071 cni) (B € potential? ' St SOUGNRY [kiNJelgciroh 8aM3fed2 ST T A

rate constantD = diffusiorcoefficient C = concentration).

For the analogous complexes, the electron transfer rate constant is about an order of
magnitude greater for Mo than it is for W. Metigland bond strengths are generally
greater for W than for Mo and since cleavage ofMfO bond accompanies electron
transfer the slower rate and more negativ@ fotentials for the tungsten systems are
consistent with this, Table 3. The nature of the carboxylate gtbtHD,CRwhere R =
CH, H or Cf on the magnitude of kis shown inTable 3 for the W complexes. The
rate increases in the order G H < G which parallels the expected order of the
electronwithdrawing effect of these group#n order of magnitude cinge in the rate
constants isusuallynecessary for the values to be declared as significantly different to
be in line with the accuracy of these types of simulatjaherfore these results alone
should not be used to explain the effect of changing thgréup on the rate constant

ks. However, the trend in the values of ik reinforced by the reduction potential trend:
the values of Etecreasein the same order asskCH < H < Cfas the effective
electron withdrawing capabilities of R decreases. Tifileence of the strongly electron
withdrawing CEgroup on the quasieversibility of the primary reduction is the most

dramatic, as can be seen from Figure 15.
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3.2.1.6 Effect of electrode material on electron transfer kinetics

The effect of the electde material on the heterogeneous electron transfer rate
constant was investigated. Table 4 listdd&ta measured in an MeCGé@lectrolyte for
0KS LINA YI NE NB Reneiatkcprgplex[Mobhar-GGECNIdpp&s.

Electrode material| E'#V | h/eV | ks/10°cms® | Work function of
metal / eV>* 3
AuHg 116 | 071 5 4.48
C -1.16 0.71 0.6 cab
Si -0.54 0.50 0.6 4.15
Au -1.16 061 03 5.10¢5.47
Pt -1.23 0.68 0.2 5.12¢5.93

Table 4Digital simulation of kectrochemical values fahe comple{MoH,0 “-O,CCH)(dppe)] in 0.1 M
[BwN][BR]-MeCNelectrolyteat various electrode material&u(Hg) electrode is a mercury coated gold
electrodek, F2NJ { A S&adAYI (SR FEEpoten#dr | I aSLBALHRFYSINhGAT
ks = electron transfer rate catant; A = electrode area; temperature, T = 298 K; diffusion coefficient; D

6 x 10° cnt’ s; concentration C = 9.8 x Thmol LY.

It is quite remarkable that the electron transfer rate for this system is very sensitive to
the nature of the electrode material with;karying by around one order of magnitude.
It is evident thatthis system may provide a sensitive probe of interfacial electron
transfer dynamics in the inner reaction layer adjacent to the electrode surface. The
heterogeneous rate constant increases for the different electrode materials in the
orderof PtF! 3 ¢ [/ F {A § | 3> LTF AH GntekcdiilBewsibra S A &
of the carboxylate is concerted with the electron transfer, then how the structure of
the electrodesolution interface facilitates or inibits this process may explain the
variaton in k. It has been shown that the nature of the solvent can influence the
heterogeneous rate constant. Dipolar and ionic interactions at the inner reaction layer
(inner Helmloltz plane) are likely to pertb the energetics of the rearrangement. It is
not known why these effectsrary from material to materialbut perhaps there is an
effect on the composition of the electrical double layer as a consequence of the
different surface groups of the electrode materialhere isomecorrelation between
the workfunction of the materiaf¥" *and the observed heterogeneous rate constant
in that the materials with a lower workfunction gave a faster rate.
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In summary, the effects of the four variable discussed above on the electrochemistry

of the systens[MH,0 *O,R)(dppe)]" are shown inTable5.

Variable Influences
Electrode material Knet
Solvent Knet

R group Knet, E'

Metal Knet, E'

Table5 Summary ofactors affecting the electrochemistry f¥1H,6 2-OZR)(dppe)]+

3.2.2 Electrocatalysis of Hydrogen Bhation

3.2.2.1 Effect of addition of acid on the cyclic voltammetry of
[MoH,6 *-0,CCH)(dppe}]*

The effect of acid on the cyclic voltammetry pfloH,0 *-O,CCH)(dppe}]” was
examined in 0.1 M [NB{[BR]-MeCN at a vitreous carbon electred Tte acid
CHCOOHpkK, = 22.30 in MeC)¥ wasemployedbecause it is not directly redusée at
the vitreous carbon electrode in the regime where the complex is elactree and
because complications where ligarekchange might take place between bound
acetate andconjugate bases or counter iomgeded to be avoidedFigure 18 and 19
show the effect of the addition of increasing amounts of CBH on the cyglic

voltammetry of a 0.8 mM solution of the complex.
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Figure 18Cyclic voltammetry of 0.81M [MoH,(' -0,CCH)(dppe}][BPh] complex in 0.1 M [NB{[BF;]-

MeCN at a vitreous carbon electrode with increasing number of equivalents of acetic acid at a scan rate

of 100 mV <.
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Figure19 Cyclic voltammetry of 0.8:1M [Mohy(* -O,CCH)(dppe}][BPh] comple in 0.1 M [NB4[BF]-

MeCN at a vitreous carbon electrode with increasing number of equivalents of acetic acid at a scan rate

of 100 mV <.

In the range of acid-2000 eq. (0.820.0 mM of CHCQH), it can be seen that the
primary and secondary processesrge as the concentration of acid is increased,
giving a single irreversible process at 20.0 mM acid which occurs at a potential close to
that of the primary step. As the concentration of the acid is further increased, the
reduction peak increases in matrde until atcal.6 M acid the current reaches a

plateau, Figure 19. The cyclic voltammetric results are consistent with electrocatalytic

87



reduction of proton to dihydrogen. The formation of this product was unequivocally
demonstrated by bulk electrolyseghich gave dihydrogen in high current efficiency as

described in detail below.
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Figure20 Catalytic current densityersusconcentration of CECQH at vitreous carboelectrode.The

solid line is the digitally simulated response for the system.

It is evdent that the current approaches a plateau at high acid concentrations. Using

Equation 3.1,

0 ’8"97’
T G

Q

(Equation 3.1)

the value of ks for the process was calculated, which is related to the second order

rate constant, ke, by the relationship in Equation 3.2.

~
g

'Q
"O

This gave the valuek=5.13 + 0.26V* s* at 1000 equivalents of acid. To gain further
insight into the electrocatalysis the experimental data across ageaof acid
concentrations has been fitted to a theoretical model. This model involves the
generation of a trihydride intermediate by protonation of the two electron reduced

parent cation. As discussed in Section 3.1.3, evidence for a trihydride intertimaslia
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based upon the isolation of a stable tungsten analogue which has been
crystallographically characterised, Figure 2, and the correspondence between the
electrochemistry of the intermediate detected in the Mo system and that of the W
trihydride! At low acid concentration the rateletermining step is protonation to give
aWa 3Q Ay 3G SN)YSRA I,foSegaendtdiedte paredt&afidnic ¢atalyst. This is
modelled with a second order rate constant; k 20 + 1 M s*. At higher acid
concentration, ths step is fast compared with,Hbss. Thereforethe loss of H from

the tetrahydride becomes the aciddependent ratedetermining step which is fitted

with a rate constant, k= 40 + 23, Scheme 4This mechanism accords with that for
hydrogen evolutin from[WHs06 2-O,CCH)(dppe),] upon attack by HCY

3.2.2.2 Bulk electrolysis and detection of dihydrogen

Controlled potential electrolysis was carriedt in a closed cell at low and high acid
concentrations and dihydrogen was measured by gas chrognaphy as described in
the experimental section. Figure 21 shows the currestharge passed plot for an
electrolysis at a vitreous carbon cathodedid M [NBy][BR]-MeCNelectrolyte in the
presence of 13.4 mM acetic acid (9 equivalents) and 1.49 niMhe catalyst,
[MoH;( *-0,CCH)(dppe}][BPhy.

1,600 ©
o]
o]
(@]

< 1,000 o

=5 [e]

= o

O
o]
o]
500 ©
o]
o]
(o]
e}
0 %00 0
0 0.5 1 1.5 2 25 3 3.5
Q/faraday mol™

Figure A Coulonetry for the reduction ofL..49 mM[MoH,(' 2-OZCCH)(dppe)g]+ in presence of @q. of

protons ata vitreous carbon electrode in 0.1 M [B{][BR]-MeCN electrolyte
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The current decays steadily to a low value ovegreaiod ofca 3 h during which time

the colour of the catholyte changes from magenta to oraygéow. After the passage

of 3.26electrons per mole of complex the electrolysis was terminated and analysed for
RAKERNRISYyd ¢KS St SO0 oiHifiydrégénzcorreshdddngzO 8RR y @
formation with a current efficiency of 84 % based upon tb&l charge passed, Table

A3.1 At termination of the electrolysis 28 % of the total proton available had been
converted to dihydrogen. Data for electrolyses &t 9 and 15 equivalents of acid

summarised in Table A3.1, show similar high current efficiencies (yields)oof &)

Figure 22 shows the currems charge passed plot for an electrolysis under similar

conditions to that described above but using 100 eglénts of acid (137 mM).
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Figure 2 Coulonetry for the reduction ofL..37 mM[MoH,(' 2-OZCCH)(dppe)z]+ in presence of 10@q. of

protons at avitreous carbon electrode in 0.1 M [BX][BR]-MeCN electrolyte

The current efficiency for dihydrogen formation was 88 % and at the termination of
the electrolysis 17 % of the total available asi@ls consumed. However, it can be seen
from the plot that a very substantial cell current is observed before the cell is switched
out. This is about 20 % of the initial current and clearly further turnover of proton
reduction is taking place. Notably, tloatholyte remained pale magenta indicative of

the presence of the parent catalyst.

The high current efficiency but low acid consumption suggests the catalyst is not
turning over. An analysis of the catholyte was undertaken to try to understand this

problem
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3.2.2.3 Cyclic voltammetry of the catholyte at the termination of

electrolysis: detection of a molybdenum product

After the electrolysis in the presence of nine equivalents of acid was stopped, the
catholyte was examined by cyclic voltammetry at a witre carbon electrode. Figure

23 shows the response.
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Figure 23Cyclic voltammetry of 1.49 mioH,( 2-OZCCIj)(dppe}][BPh‘] complexin 0.1 M
[NBu][BF]-MeCNbefore electrolysis with no acid preseand after electrolysis in the presence of 9 eq.

CHCQH at a vitreous carbon electrodat a scan rate of 100 mV;s

On scanning betweer0.5 and-1.7 Vvs Ag/AgCl the cyclic voltammetric response
shows that most of the parent complex has been consunasdthere is little
electroactive species detected nedr.4 Vvs Ag/AgCIl. On scanning betweel5 and

0.3 V vs Ag/AgCl, a welllefined wave near-0.15 V vs AJAQCI is detected,
corresponding to the oxidation of a stable reduction product formed during catalysis.
This species, which will be refed to asA, is a major product of the electrolysis
because the peak current for its oxidationda 60 % of that of he parent complex,

Figure 24.
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Figure 24Cyclic voltammetry of 1.49 miMoH,(' Z—OZCCH)(dppe)g][BPhJ complexin 0.1 M
[NBw][BR:]-MeCNafter electrolysis in the presence of 9 eq.;CBH at a vitreous carbon electrodend

at a scan rate of 100 mV*s

At low temperature, A displays a reversible single electron oxidation in its cyclic

voltammetric response, Figure 25.
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Figure 25Cyclic voltammetry of 1.49 mMoH,(' >~O,CCH)(dppe}][BPh] complex in 0.1 M
[NBu][BR]-MeCNafter electrolysis in the pence of 9 eq. GBQH at a vitreous carbon electrodend

at a scan rate of 100 mV st various temperatures.

At room temperature, this oxidation becomes irreversible and a new reduction peak is
observed in the voltammetryThis arises from conversion oA’ to an electroactive

form B*which reduces irreversibly nead.3 VwsAg/AgCl, to give initiallg, Scheme 2.
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Scheme Mechanistic pathway for deactivation of catalydtphosphine ligands omitted for clarity).

The sca rate dependence of the oxidation process at room temperature is shown in
Figure 26.
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Figure 26Cyclic voltammetry of 1.49 mMoH,(' >~O,CCH)(dppe}][BPh] complex in 0.1 M
[NBw][BR]-MeCNafter electrolysis in the presence of 9 eq.;CBH at a vitreous carbon electrodat

various scan rates.

It can be seen that at slower scan rates the process approaches reversibility as the
reduction component is shifted to more positive potentials. This behaviour is
consistent with a redox mechanism involvingteR2 E Ay i SND2 Yy GSNE A 2y
in Scheme 2. Using thisadel, the voltammograms can b&mulated, as shown in

Figure Z, using thahermodynamic and kinetic parameters given in Scheme 4
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Figure 27Comparison of simulated and experimental cyclitaraimetry of the oxidation of the
deactivated catalyst, 1.49 mfMoH,(' 2—OchIaj)(dppe)g][BPhl] complex in 0.1 M [NBi{[BF]-MeCN
after electrolysis in the presence of 9 eq.;CBH at a vitreous carbon electrodendat a scan rate of

100 mV 2 (A=0.071m% a=0.5k=1x I

Extending the reverse scan range-fo7 Vvs Ag/AgCl after oxidation of produé to

form Breveals two additional peaks at.25 and-1.35 WsAg/AgCI, Figure 28.
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Figure 28Cyclic voltammetry of 1.49 miMoH,(' Z-OZCCH)(dppe)z][BPh] complexin 0.1 M
[NBw][BR]-MeCNafter electrolysis in the presence of 9 eq.;CBH at a vitreous carbon electrodand

at a scan rate of 100 mV*s

The peaks must arise from chemistry following the generatioB.ofheir magnitude
increaseswith scan rate as would be expected because, at the shorter time intervals of

the faster scans, there is less time for the product derived fBitm diffuse away from
the electrode.
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Figure 2Cyclic voltammetry of 1.49 mMoH,(' Z—OZCCH)(dppe)g][BPu] complexin 0.1 M
[NBw][BR]-MeCNafter electrolysis in the presence of 9 eq.;CBH at a vitreous carbon electrodat

various scan rates.

Additionally, if following reduction of the oxidation product there is a slow
rearrangementto the parent product,BH, as suggested by the reversibility at slow
scans, this would also contribute to the enhanced currents observed at the faster scans
GKSNE (KS Wwat2gQ NBIFINNIyYy3ISYSyld Aa oSl 0S8
reduction near-1.4 V vs Ag/AgCl correspond to the small peaks observed after
termination of the electrolysis, but are of course much enhanced. Their potential is
consistent with regeneration of MoH:0 -O,CCH)(dppe}]* which can engage in
catalysis of proton reduction in the presence of the excess ahigrefore, there must

be a pathway which allows conversionffo the Mo cation,BH as shown in Scheme

2.

There is a noticeable loss in current the oxidation ofA at corresponding scan rates
in the order of j° Figure 24 > Figures 26, 28, 29 > Figure 25. This was the order in
which the scans were performed, so the loss in current could be associated with slow
chemical conversion oA over time to B by protonation from the excess acid in

a2t dziAzy T2t 25 SBetate,SSchérieBA dzNE 2F (G KS
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Scheme 3Blow protonation step ofo a 2 I1-©ZCCI§)(dppe)g] to chemically regenerate the catalyst
(diphosphine ligands omittefor clarity).

Slow catalytic turnover could be sustained during the electrolysis experiment with
reprotonation of the open monohydrideA being the ratelimiting step. The would
account for the significant steady current observed at the end of the elldis in the

presence of 100 eq. of acid, Figure 22, #melcolour remaining a pale magenta.

3.2.2.4 The nature of the electrolysis product A and relationship foBA
andB

The redox potential of the product falls in a region where®No Mo" speciesare

observed to undergo reversible oxidation. An explanation for these observations is
that at the lower acid concentrations, electrocatalysis takes place but the rate of
proton attack on the Mo trihydride intermediate is sufficiently slow for this spetie

decay by a competing pathway. A plausible competing pathway is thermal loss of
dihydrogeni 2 3 A GBS | Y2y 2Keé RN Fa&tatd ligsnd. At Sauld Beh ( K |
reasonable that this species could reprotonate with acetic acid to regenerate the
catalyst, Scheme 4. However, this species could plausibly rearé@mgecompetitive

pathway by @ening up of the bidentate acetatb A I3 Yy R (12 3 AidpRiesl KA =
This would be analogous to known high spin "Mdihalide systems such as
[MoCh(dppe}].® ¢ K & (i 2 conversion would leave less electron density on the

metal and a system leskdily to protonate to give a hydride. This would provide a
pathway for catalyst deactivation consistent with the fall off of catalytic current during
electrolysis to a low steady state level. Thus it is proposed that spAde§MotD *-
O,CCH)(dppe)]”. This assignment now provides a sedhsistent explanation of the
electrochemistry ofA described above. Thus one electron oxidation ofeldctron

[a 2 | BO,CCH)(dppe}]*, (A to A" is reversible at low temperature, as is observed

for [MoCh(dppe)]. At room temperature the positive charge on Mo Ad favours ring
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closure to give the 18lectron b 2 | BO,CCH)(dppe)]* system which is assigned to

B', Scheme 4[a 2 | BO,CCH)(dppe)]’, B' is electroactive and reduces #® which
rapidly protonates to giveBH, which is the parent electrocatalystMpH:0
O,CCH)(dppe}]”. Ito has reported thé’P NMR of the monohydridB in benzene® a
solvent which might be expected to favour the closed configuration. The spectrum
aK264a (62 GNILIE SGpam reférenced to PRDTIP'H} NMR ofutiiem ® n
catholyte containngha K2 ¢ga | aAy3€tSd Fd + nwuoy LILIY
PPh) which is consistent with a square planar arrangement of four equivalent

phosphorus atoms as would be expected Aor

Strongsupport that interconversion of and B is a plausible mechanism is provided by
DFT calculations on the model monohydride structures. The calculated structures for
the closed system and the open tripled and the closed systenB are shown by
Figures 3@&nd 31.

Figure30 Pictorial representation athe open tripletA, [MoH( -O,CCH)(dmpe}] as calculated by DFT
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Figure31 Pictorial representation athe closed systerB, [MoH( Z'OZCCH)(deEH as calculated by
DFT

Importantly, the calculated energy difference between these structures in an MeCN
media is less than 6 kJ fifoln such DFT calculations, a difference greater than about 8
kJ mot* (ca 2 kcal mof) can be considered significant. THahas a high spin triplet
configuration rather than a singlet arrangement is consistent with the latter structure
being 22 kJ md higher in energy. To fully support the mechanism, it would be
expected that the one electron oxidised structuk&is less stable than the rearranged
form B', DFT calculations show that this is indeed the cBS& an MeCN solvent is 36

kJ mot* more stable thanA®.

Finally, structures assigned &9 A", B, B', BH and their interrelationshipare shown in

Scheme 4.
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Scheme fathway for reactivation of deactivated catalydtphosphine ligands are ommited for clajity
rate constants from simulation where a = 0.5 eVsK x 16cm s', A = 0.071 ¢ T = 298 K, D = 6 10

e st

3.2.3 Globalscheme for electroatalysis of hydrogen evolution

Scheme 5 provides an overview of electrocatalysis of proton redutijofMoH0 %
O,CCH)(dppe)]” showing the primary electron transfer steps, the involvement of a
trihydride species and the deactivation pathways whevoks6 *-O,CCH)(dppe)] is

converted to the' *-monohydride.
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(diphosphindigands are ommited for clarily

Here it canbe seen that fast protonation of NloHs0 *-O,CCH)(dppe)] or fast
protonation of a 2 P-@CCH)(dppe)] are importantin sustaining a fast catalytic
cycle. The Mo trifluoroacetatacomplex in the presence of the stronger acig@BH

(P, = 12.65 in MeC)P can sustain electrocatalysis 0.2 M [BuN][BR]-DCM
electrolyte whereby a plateau current is observed and the noical yield of
dihydrogen based upon available protoncs90 %™ This MoH,0 *-O,CG=)(dppe)]*
electrocatalysis system cannot be directly compared with the acetate system because
in MeCN the parent trifluoroacetatacomplex is unstable, whilst in DCM the acetato
complex reduces at a potential close to that of discharge of dieesit. Although not a

very convenient solvent for preparative bulk electrolyses, the tolueleetrolyte
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might prove useful for directly comparing electrocatalysis by these systems in the

same solvent.

3.24 Photoelectrochemistry of[MoH.(' >-0,CCH)(dppe),]” at

p-type silicon
3.2.4.1 Light and dark cyclic voltammetric studies

Figure 32 belovghows the cyclic voltammetric response[bfoH,(' 2-0,CC)(dppe)]*
at a ptype Si electrode @10 Kcm resstivity, S¢H terminated surfacf? in the dark
and when illuminated with a halogen fibre optic lamp (Krisgsx= 650nm; output at

<nax 90 MW cn).
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Figure32 Cyclic voltammetry of 0.6:M [MoH,(' 2—OZCCId)(dppe)g]Wn 0.1M [NBuw][BF]-MeCN at a dark

and an illuminated 4.0 K cm ptype Si electrode at a an rate of 10anvs™,

In the dark, as expected, the complex is electrochemically inactive in the range®.2
b m Wws Ag/AgCI but upon illumination a welkefined response for the two successive

one-electron reduction processess of the Mpecies is loserved.
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Figure33 Cyclic voltammetry of 0.51M [MoH,(' -0,CCH)(dppe}]  complex in 0.M [NB][BR]-MeCN
at avitreouscarbon electrode and an illuminated1D K cm ptype Si electrode at a scan rate of
100mvs™,

Comparison of the cyclic voltammatrresponse for the complex at the photoinert
vitreous carbon electrode and at the illuminateetype silicon is shown bligure33.
There isa dramatic shift in the faradaic respons# the complexat the ptype Si
electrode with the overall voltammograntranslocatedby some 50@600mV positive

of that observed on carbon. The magnitude of the photovoltage is comparable to
those reported earlier on this type of materist™>°|t is evident here that at vitreous
carbon and at the fiype Si photocathodehte diffusional peak current densities for the
primary process are very similar and this is indicative of the electrochemically active
areas of the photoilluminated & terminated semiconductobeing close to that of

the polished vitreous carbon electrode.
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Figure34 Comparison of current density at vitreous carbon with that at illuminatgge silicon Ejneo =
640mV.

The plot shown irFigure34 shows the values of the current density at vitreous carbon
(Ip,carbon Measured atBppied VErsusthe coresponding values of the photocurrent
density (yighy recorded at the illuminated fype Si atEippied b Bonoto, Where Bonoto IS
the photovoltage. The value @&noto is estimated fromE,2, iuminated sib Bpr2, carbon 1.€.

the difference in halpeak potentials for the primary step at the illuminated Si and for
the vitreous carbon electrode, respectively, and has vdig, = 640mV. The plot
further emphasises that active electrochemical area of these diginct materials,

are close and withiaca+ 5% range.
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Figure35 Cyclic voltammetry of 0.51M [MoH,(' -O,CCH)(dppe}]  complex in 0.IM [NBu][BF,]-MeCN

at the samedark and illuminated 410 K cm ptype Si electrode at a scan rate of 10V ™.
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The scafrange on ptype Siin the darkwas extended to potentials which encompass
the conventional electrodve behaviour of the complex at ‘'metidke’ electrodes. In
the dark, the silicon behaves as an ohmic (méka) conductor: a welllefined redox
response for the system is observed which is quite similar to that measured on
vitreous carbon under the sagnexperimental conditions, Figu83. This observation is
surprising as it has been reported thattéfminated ptype Sidoesnot conduct in the
dark'? There is only one otherxample of dark and light 'shifted’ voltammetry
recorded at thesameelectrodeon this type of materiat® This behaviour is consistent
with the mechanism of electron transfer from semiconductor to electrolyte described
in Chapter 2, wherebythe high concentration of majority carriers compared to
minority carriers dominate the curreénconcluding that electron transfesccursfrom

the valence band®

In a separate experiment, the potential of thetype silicon photocathode was held at
-0.9 WsAg/AgCl and the incident light chopped alti4, Figure 36.
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Figure 36Chopping incidenlight at 1Hz during electrolysis 05M [MoH,(' >-O,CCH)(dppe}]* complex
in 0.1M [NBuw][BR]-MeCN at the an illuminated-10 K cm ptype Si electrode.

This clearly showed the light dependent photoreduction current andihe dark

segments an oxidation current This is can be understood as follows. At the

photopotential at which the primary producfMoH,(' -O,CCH)(dppe}] is generated,
in the dark it will be reoxidised at the-tgpe silicon, giving another example of this

material functioning as a matlic conductor.
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3.2.4.2 Photoelectrocatalysis ohydrogen evolution

The cyclic voltammetric response p¥loH,(' >-O,CCH)(dppe)]” at a ptype silicon
electrode in the presence of increasing concentrations of acid is shown by Figures 37

and 38.
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Figule 37 Cyclic voltammetry of 0.5 mM [Mali >-0,CCH)(dppe}][BPh] complex in 0.1 M [NB{[BF;]-
MeCN atan illuminated 310 Kcm ptype Sielectrode with increasing number of equivalents of acetic

acid at a scan rate of 100 mV.s
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Figure38 Cyclic voltamratry of 0.5 mM [MoH(' *-O,CCH)(dppe}][BPh] complex in 0.1 M [NB{[BF;]-
MeCN atan illuminated 310 K cm ptype Sielectrode with increasing number of equivalents of acetic

acid at a scan rate of 100 mV.s

The peak catalytic current as a function afich concentration at the illuminated
electrode is plotted in Figure 39 which, for comparison, also includes the

corresponding data obtained at vitreous carbon.
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Figure39 Catalytic current densityersusconcentration of CkCQH at vitreous carbon and at

illuminated ptype Si electrodes. The solid line is the digitally simulated response for the system.

There is a close correspondence of the two peak current density data sets, mirroring
the behaviour in the absence of acithe theoretical curve for the sponse at vitreous
carbon as discussed in Section 3.2.2.1 above is also shown. The similar current
densities and the same acid concentration for the catalytic plateau indicates that the

photocatalysis is not limited by the photon flux.

It is unlikely thatpolyhydride intermediates are photolabile under the experimental
conditions asthis would modify kinetics ardr mechanism at the illuminated

electrode. At an illuminated vitreous carbonelectrode the cyclic voltammetric

response is unperturbed from that the dark.

The stability of the system under illumination also extends to preparative scale

electrocatlysis at gtype silicon as shown below.

106



15001,
© O,
OQJOc@cszmo%
< 1000 %I&CQIR)%
= @
= oap
o)
Q
500 Q
o]
Seole]
0

0 2 4 6 8 10 12 14 16
Q/faraday mol-"

Figure40 Coulonetry for the reduction of [MoK{' 2-OZCCITJ)(dppe)z]+ in presence of 6 eq. @fcetic acid
at anilluminated ptype Si photocathodéeld at-1 VvsAg/AgClin 0.1 M [BM][BR]-MeCN electrolyte

The current densityversis charge passed response for bulk electrolysis at an
illuminated ptype Si electrode is shown IByigure40. The current yield of diydrogen
was determined as 91 +% by GC after the passage of 11 faragamranoleof catalyst
(electrons per mole catalystyith an overall chemical yield of 38. The rapid fall off in
current between 12 and 13 faradayser mole of catalyst correspondsot the
exhaustion othe proton source,and the formation of thestable,yellow monohydride

complex.
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Figure 4 Coulometry of 2nM [MoH,(' 2-OZCCI§)(dppe)Z]+ in the presence of #1 acetic acid in 0.M
[NBu][BR]-MeCN at an illuminated-fa n criKptype Sielectrode held at1.2 VwsAg/AgCl: catalytic
currentof betweenca600:1200;1Acm’°2 is sustained over 65 hoyrthe right hand axis is the

corresponding turnover number (TON) for this photoelectrochemical system.
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Bulk electrolyses have been performed éxtended period®f timein the presence of
a large excess of acidrigure4l shows the couloretry and the turnover number
against time for the illuminated system der constant stirred conditions. hE
photoelectrocatalytic currentvasmaintained at 4960 mAcm™ over a 65 hour period
andthe chargepassedQ, steadily increasewithout decay. A turnover number (TON)

of 125 was reached when the electrolysis was terminated.

3.24.3 Comparison between bulk electrolysis on illuminatedtppe

silicon and on vitreus carbon electrodes

On the cyclic voltammetric timescale, the electrocatalysis on vitreous carbon and on
the illuminated ptype silicon have remarkably similar kinetics and acid dependency.
However, the illuminated silicon electrode supports a higheradie state catalytic
current and the conversion of available pro®to hydrogen occurs with a greater
chemical yield. The electrolyses on vitreous carbon have been performed under
illumination but this does not give a higher steady state turnover currekt.
photoeffect can therefore be ruled out involving, for example, conversion of the high
spin inactive form of the catalysf, to the active formB. One explanation is that the
silicon surface catalyses the interconversionAoand B which would otherwisebe a

slow process. This catalysis might involve transfer of an electron Artorh” states in

the Si, formation oB" and its rereduction and protonation to give the catalyBH'.

This would involve no net current flow associated with the catalysis. ATA& couple

lies at-0.15 Vvs Ag/AgCl, therefore if this mechanism were operative thérsirface
states near this potential would need to be available. Band bending might provide
access for hole quenching Byat such potentials. An alternative explaratimight be

that energetic electrons available at the photocathode at potentials greater than that
demanded for the electrocatalysis allow reductionffo a protonatable state which

re-enters the catalytic cycle. Both mechanisms are illustrated in F§Rire
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Figure 2 Energy level diagram explaining possible pathways for preventing deactivation of catalyst at

the semiconductor.

3.24.4 Photoelectrochemical efficiency

Some indication of the efficiency of conversion of light to photoelectrochemicalgner
is provided The Kriss lamp output was filtered to restrict the incident radiation to the
range of 606700nm, providing a measured output of 37W cnm™. The peak current
density for the system at 1)l CHCQH with a scamate of 100mVs™is 1.6mA. At a
photovoltage of 0.6/, this corresponds to a photoelectrochemical output of 09

and an energy conversion ota 2.6% under the 60F00nm red lidit conditions
employed. Correcting for a fill factor of 66 % gives an overall photoelectrochemical

efficiency of 1.7 %.
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3.3 Conclusions

A combination of electrochemical, spectroscopic and theoretical approaches has
provided a more detailed understandjrof the basic electron transfer chemistry of the

Mo and W' %dihydride systems. This includes determining heterogeous rate constants
for the primary one electron reduction, the detection of the paramagnetic
intermediate associated with this step by EPR spectroscopy and DFT calculations which
firmly support the'? ' ! transformation accompanying the reduction. Cyclic
voltammetric studies, in combination with digital simulations, have provided a
mechanstic understanding of the ratmiting processes in electrocatalytic hydrogen
production by this type of systenBulk electrolysis studies have shown that with a
trifluoroacetato- complex, [MoH,(' >-0,CG=)(dppe)]’, an electrocatalytic current is
sustained at low acid concentration until the acid is exhausted. In contrast, the
acetato system, [MoHy(' >-0,CCH)(dppe)}]*, supports essentially quantitative
consumption of electrons to give dihydrogen but, at low acid concentration, the
catalytic current is not sustained. This has been explained by a pathway in which a
monohydride ' 2 intermediate, [MoH,(' >-0,CCH)(dppe}]”, is removed from the
catalytic cycle by conversion to a high spih species,[MoH( *-O,CCH)(dppe}],
effectively deactivating the catalyst. This species has been detected during electrolyses
by cyclic voltammetry. Evidence is presented that oxidationtha$ species and
subsequent reduction provides a pathway for reactivating the catalyst. At high acid

concentration the acetatosystem can sustain a catalytic current.

On a ptype silicon electrode, it has been shown that the comp[&koH,(' *
O,CCH)(dppe;]" supports photoelectrocatalytic reduction of protons to dihydrogen
with high current efficiency and chemical vyield. Cyclic voltammetry at the
semiconductor shows that the electrocatalysis, on the seconds timescale, is very
similar to that observed onitveous carbon. Current densities are slightly higher than
on the inert electrode. Bulk photoelectrolysis at illuminatedype silicon differs from

that at vitreous carbon; a higher steady state current is sustained over the course of
the electrolysis atow acid concentrations. An explati@n of why the two electrode
materials differ has been proposed. Attype silicon, it is suggested that the

deactivation pathway is inhibited by a redox cycle involving holedkidation of the
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deactivated catalytic nitermediate, [MoH( -O,CCH)(dppe)], although other

explanations are possible.

The photoefficiency of hydrogen production has been estimated tadk.7 % based

on the photon flux provided at 66000 nm and a fill factor of 66 %. This is somewhat
lower than that reportedoy Kubiak and cavorkers who have described a @@ducing
system on pype silicon which has a photoelectrochemical energy conversion of 9 %,
excluding the fill factof® In the case of the work presented in this chapter, no
optimisation for the cell comfuration to minimise reflectance or light dispersion was
dzy RSNIF 1Sy Ly GSNyxya 2F 3ISySNIGAy3a | waz
limited since only a part of the solar spectrum is utilisEfficiency is defined as the
ratio of chemicalenergy output from the solar cell to input energy from the sun. In
addition to reflecting the performance of the solar cell itself, the efficiency depends on
the spectrum and intensity of the incident sunliglaind alsothe temperature of the

solar cell. Tarefore, conditions under whichght to chemicalefficiency is measured
must bemoderatedin order to compare the performance of one device to anothfer.
recent paper has been published along these lines, calling for guidelines to be followed
S0 a reasonble comparison can be made among all photoelectrochemical conversion
materials? It is emphasised here that solar to chemical efficiency is the only figure of

merit suitable for widescale benchmarking.

3.4 Future avenues of research

The structure of tkse electrocatalysts offezonsiderable scope for modificaticand
changes to the structure of the catalyst can lead to improved catalytic acthuy.
example, changing the ligating carboxylate ligand *€CRECOO lowers the reduction
potential by ca 300mV, increases the catalytic current and sustains steady state
catalysis without catalyst deactivatidh.However, the trifluoroacetate analogue is

only stable in dichloromethane electrolyte.

Thus, the degn of a new photoelectrochemical cell that would relieve the solvent
electrolyte constraints from solely 0.1 M [BU[BR]-MeCN would be extremely

beneficial. The process of doing this has been initiated with the design and
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manufacture of a three compartant, glass cell with a peek attachment where a

silicon electrode can be inserted as to form part of the wall of the Egjyre43.

Figure 43Picture of photoelectrochemical cell prototype.

With the electrode introduced in this way, there is no requient for the back of the
electrode to be insulated as it is exterior to the cell. However, preliminary
photoelectrochemical studies using this cell gave poor CV responses, seemingly due to

extensiveQ¥rop, so this needs to be addressed.

Although prograes has been made in defining the chemical and physical understanding
of the processes that occur at a semiconductor/electrolyte interface, this is mainly a
theoretical understanding based upon a Schottky barrier (metal/semiconductor
interface). Semiconduot/electrolyte interfacial behaviour seems to be sufficiently
different that more work should be performed to fully understand the electron
transfer capabilities of semiconductor materials. A thorough comprehension of
semiconductor/electrolyte interfaceshsuld imply that improvements in the desirable
properties for solar fuel cells, such as quantum efficiency, could be achieved more
easily. The light/dark and light chopping electrochemical experiments have some
weight in showing the metallic nature of sezonductor electron transfer in the dark.
This has only been performed at aype silicon electrode, so should be extended to

other semiconducting materials.

The rate of catalysis can be greatly improved by securing the catalyst onto the

electrode surfaceWith the catalyst suspended, mass transport is confined solely to
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the substrate which is generally much smaller than the catalyst and in high
concentration, and thus diffuses much faster. Direct attachment to electrode surfaces
is difficult as it commonlyequires modification of the catalyst to include a functional
group for tethering. To remove this constraint, catalysts can be incorporated into
polymer films that are electropolymerised directly onto the electrode suffaéeand

this would be a goodmproach to take in this case at both vitreous carbon argge

silicon electrodes.
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Chapter 4

Electrochemistry of molybdenum and tungsten

dithiolenes

4.1 Introduction

4.1.1 Overview and biological significance

Metal compéxes with dithiolene ligands were first investigatddring the 19608.
They remain a focus of study 50 years ldbecause dtheir many unusual properties
Metal dithiolenesalsohave significant roles in biological catal§diand in materials

research particularlyelectronics and sensor applicatioh.

Recent research by the Sawers group has shown formate dehydrogenase enzymes
FdhN (induced in the presence of nitrate) and Fdh(detected during aerobic growth)

of Escherichia colave hydrogen asising activity, therefore identifying a potential

new class of hydrogenase enzyfhélhe work involved anaerobically growing
geneticdly modified bacteria which preented the expression of conventiong@iFe}
hydrogenases and showing that the bacterianegned capable of oxidising molecular
hydrogen and transferring the electrons to benzyl viologen or phenazine
methosulfate/nitroblue tetrazolium.When the genes for FAN and FdHO were

knocked outthe bacteria were unable to grow on dihydrogen

116



The ideathat simplemolybdenunm or tungsten bis(dithiolene) systemeelated tothe

active site ofsuch formate dehydrogenase enzymasight function as hydrogen
evolutionor uptakeelectrocatalyss is very interesting. In this initial study, Mo and W
dithiolene ®mplexes which possess COligands were chosen to be investigated. All
hydrogenases so far characterised possess CO ligands at their active site. Additionally,
the complexes chosen do not possess Mo=0 or W=0 functionality. Such species would
be likely torequire the reductive removal of the oxide as water in order to generate a

reactive catalys®.

4.1.2 Established hydrogenases

There are currently three recognised hydrogenase enzymes, the finongthe diiron
and the nickeiron hydrogenaseghe structures of the active sites of the enzymes are

shownin Figure 1

Cys \s Cys

Cysy s
X A / / \ !
oc H,0 S—[Fe,S,]

| NI N\

N OH NC\““-Fe\ /Ni\ OCIIln--Fe\ 'Fe"'”llCN

4c”/~.F|ed\\\“c° NC/ X S\ NC ¢ co
cys—s?” | “Wou, Cys
co

Figure 1Structures of the active sites of the three hydrogenases.

The first pictured hydrogenase is the maimon hydrogenase([Fe}hydrogenase)
named asonly one iron is involved in the structure of the active site. This enzyme is
less widely researched than the bimetallic enzymes, as it is solely concerned with the
reversible heterolytic transformation of hydrogen intd &hd H, with H transferred to

a specific substrateTherefore, it is less related to hydrogen production, but more
relevant to hydride generation as a method dfydrogen storage. The reversible
homolytic conversion of hydrogen into protons and electron is carried out by the
nicketliron and the dtiron hydrogenases, with the 4tion being the faster of the two

enzymes, thus the most widely studied.
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Given that all the formentioned hydrogenasesuse iron at the active sifea
molybdenum or tungstempterin type complex acting ashydrogenas must involvea

completely newtype of biochemistry.

4.1.3 Molybdenum and tungsten enzymes containing

pyranopterin

The pyranopterin dithiolene ligand is present in all molybdenamd tungsten
containing enzymes with the exception of nitrogensSeThe® enzymes, known as
mononuclear Mo/W enzymes, play pivotal roles in metabolism, global geochemical

cycles, andnicrobial metabolic diversity?**

Figure 2Structureof an bis(pyranopterin) enzyme Fdth(Atoms are defined as green = carbon, blue =
nitrogen, red = oxygen, yellow = sulfur, orange = selenteal,= molybdenumPYMOL, PDB code
1FDQ.”®

Their active sites, comprising a Mo ormétal centreand one or two pyranopterins,
catalyse a diverse range of redox reactions in carbon, sulfur and nitrcgemistry

spanning a reduction potential range of approximately one Yolt.

The majority catalyse the oxidative oxygen atom transfer from water and/or its

backward reaction as indicated Hguation 4.1where X denotes a substrate.
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X+H,0 <~——= XO+2H"+2e

(Equation 4.1)

This is achievely utilising a FeS cluster, ham or flavin as the physiological electron

acceptor of the proton coupled electron transfer (PCET) mechaHigth.

SR o |*
RS
= NH

e L

O5P @) H N NH,

Figure 3Basic structure gbyranopterin ligand

The structure of the pyranopterin ligand as shown in Figure 3 was derived from
crystallographic data of two enzymes, an aldehyde oxathuctasé® and a DMSO
reductase’”® The role of the pterin cofactor in the reaction mechanisms of
mononuclear Mo/W enzymes has been the subject of considerable specufatitn.
Two specific roles for the cofactor have been inferred: mediation of electron transfer
to other redox active centres with a change in oxidation state of the pterin and

modulation of the metal reduction potential’

The numerous mononuclear Mo/W enzymes are classified based on their ligation
environment!’ Mono-pyranopterin coordinated metals fall into one of either the
xanthine oxidase or sulfite oxidase family-dgyranopterin coordinated metals are
organised into the DMSO reductase family, which is then subdivided into additional
groups. Structures akin to those used in this study with bis(dithiolene) coordination
and two additional ligands, which are normally a doubly boungiger, sulfur or
possibly selenium, and atOR group which generally binds another protein residue,

are most closely related to the subgroup of formate dehydrogenase (FDH) enzymes.

The recent solving of mX-ray structure of one example of a tungsten fornma
dehydrogenas® confirmed the predition of Hillé’ that tungsten derivativeslo have
a close structural relationship to morecommon molybdenum formate

dehydrogenases, despite there being only minimal protein sequence hom@iagy.
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Despite the greasimilarities in the properties of the two metals, replacing Mo for W in
many studies had debilitating effects. Various organisms, such as plants and rats that
were grown on or subjected to tungsten produced either inactive metal free
molybdoenzymes or W $stituted enzymes with little or no activif§’:*° So, clearly the
chemical properties of Mo and W are sulfficiently different that biolsglects one or

other of these metals specifically.

4.1.3.1 Formate dehydrogenase enzymes

Formate dehydrogenase enmgs are responsible for the reversible interconversion of
carbon dioxide and formate, however not by the conventional mononuclear Mo/W
enzyme method of oxygen atom transfer. Catalysis of the oxidation of formate is
achieved by direct transfer of a hydrideom formate to NAD(P) but the most
common classes of FDH have difficulty to drive the reverse reaction because the
reduction potential of NAD(P)s more positive than that of G&' Some FDHctive

sites form one part of more complex enzymes that contdylo or W cofactors to
transfer the electrons obtained from formate oxidation to another active site where a

reductive reaction is carried odt. 3% 3

A recent study by Hirst showed reversible interconversion of carbon dioxide and
formate by an electractive FDH enzynid.FDH1, a tungsten containing formate
dehydrogenase from anaerobic bacteriuslafumaroxidans was shown to be able to
electrocatalytically effect the reversible conversion of ,G® HCQH, both as a
homogeneous catalyst and when absodbento the surface of an electrode. Cyclic
voltammetric analysis showed that both ¢£f@duction and formate oxidation are
initiated at approximately-0.4 V vs SHE and their rates increased sharply with
increasng overpotential. The rate of formate oxidatiavas greatest at pH 8.4, and £O
reduction at pH 5.5. However, the catalytic current of the electrode absorbed species
reached only 120 % of the value expected values estimated from the solution assays
and the density of a monolayer of the enzyme on #ectrode. Thus, the number of
molecules of enzyme on the electrode surface that are electrocatalytically active was

much lower than that required to constitute a monolayer, illustrating the difficulty of
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creating a catalytic system for renewable fuelséd upon enzymes. Nonetheless, the
enzyme reached a turnover number of 112fer CQ reduction, at pH 5.9 aneD.8 V

vsSHE, with formate the exclusive product.

4.1.4 Current studies of Mo/W bis(dithiolene) active site

analogues

A number of simple bidithiolene)tungsteft"' thiolate and selenolate compounds
have been synthesised to mimic the active sites of formate dehydrogenases, but
exhibit no catalytic activityvith respect to C@* They have been subsequently more
useful for modelling oxygen atomnansfer reactions of mononuclear Mo/W enzymes
within the DMSO reductase famify?.

Early work in this area involved proving that bis(dithiolene) complexes with a Mo=Q
group (Q = O, S, Se) may be readily synthesisstlich accords with research of Hill

who noticed the possible occurrence of the Mo=Q group within enzyrhes.

Later, a detailed kinetic evaluation of the oxo transfer reaction between desd%o W

complexes wittthe substrate (CH.SO was undertakett,

[WN(OCeH,p-X)(S,CoR,),] + (CH,),SO  ——3=  [WVIO(OCH,-p-X')(S,C,R,),]" + (CH,),S

(Equation 4.2)

Kinetic UVtvisible studiessuggestedthat the first transition state in the mechanism
involved WY-OS bond making, followed by a second transition state where t#& O
bond is largely weakened and the doubly bond W=0 interaction developse&bion

is completed by separation of the reduced substrate, S, from the complex and the

primary WO bond formaton is determined to be the ratémiting step.

The existence of molybdenum and tungsten isoenzymes, originally detected in the
formate dehydrgenase family led the Holm group to develop the chemistry of
molybdenum and tungsten bis(dithiolene) complexes in parallel. This has provided a
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comparison of catalytic rates of the isostructural active site analoglés.was
discovered that oxo transfdp the metal is faster with tungsten and oxo transfer from
the metal to the substrate is faster with molybdenum. This is likely to be becau®e W
bond formation is more favourable than that for M9, therefore forming the \AD
bond for oxo transfer to the etal is more straightforward than for molybdenum.
However, the oxo group at a tungsten metal centre is then harder to remove to be
transferred to the substrate, making this step slower than for Mo, because of the
greater affinity of tungsten for oxygen. &mesults demonstrated that there is a kinetic
metal effect in direct oxo transfer for isostructural active site analogues and this may

be applicable to the enzymes.

The latest result in this area involved DFT calculations of barrier heights for oxo
transfer reactions to Mo and W bis(dithiolene) sit&sReaction coordinates were
calculated for oxo transfer from substrates (X) with varyif@ Xond strength (MeéNO,
Me,SO,MezP0O) to the dithiolene complex [Mo(OMe)(EMe,),] and oxo transfer
from MeSO tothe analogous W complex. Results showed that twsuccessive
transition states arenvolvedin oxygen atom transfer; the first was simply the binding

of the substrate. The second transition state was where oxo transfer takes place and
therefore requires he most energy. Replacing Mo for W lowered the energy
requirements of the second transition state and this was rationalised in terms of
relativistic effects destabilising the redox active molecular orit@hanging the X0

bond strength of the substrateas might be expected, also had an effect on the energy
of the secondransition state, so this ratimiting step was both substrate and metal

dependant.

4.1.5 Catalysis involvingnetal dithiolene systems

The majority of studies of dithiolene complexase concerned withmodelling the
stoichiometric reactions of the active sites of various enzymeswhich they are
structurally closely related Thus there are very few examples of catalgdifydrogen
evolution by metal dithiolene complexes, as thisnist currently related to the

biological activity of any enzymes containing dithiolenes.
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Four cobalt dithiolene complexes were examined by Holland coeworkers both
photochemically and photoelectrochemically, in both organic and aqueous solutions to
probe proton reductiorand hydrogen turnover abilit}* It was found that the group of
complexes gave the most impressive turnover numbers (TONs) and turnover
frequencies (TOFs) in an aqueous/organic media blend of acetonitrile and water. The
trend in the hylrogen production activity illustrated that the cobalt dithiolene
complexes with the most electron withdrawing groups, and therefore the least
negative reduction potentialshad the highest turnover rates. An electrocatalytic
mechanism was also proposedofin cyclic voltammetric data to be an ECEC
mechanism. fiis was rationalised bthe Co dithiolene undergoing rapid protonation

on the first redwction to the two minus specie$llowed by subsequent reduction and
reaction with H to form H. The photoelectroatalysis performed here linked the Co
dithiolenes with [Ru(bip¥)*" used as the photosensitiser, which was eventually
destroyed as a result of the catalysRuthenium falls in the category of precious

metalsand is arguably unsustainable for practiphbtoelectrocatalyss.

u(bpy)s* *Ru(bpy)s? u(bpy)s* *Ru(bpy)s?
+H* +H*
CoLy, == ColL,2 <~— CoL,bH == CoL,H* <~—— Coly

—

Ha
Shemel Proposed mechanism forlgeneration from cobalt dithiolene complexes (L = benzene

dithiolate).

Another example of catalysis by a metal complex containing a dithiolene ligand is
hydrogen ewlution from a mononuclear irdhcarbonyl complex that is a mimic for the
distal iron atom, with respect to the [4Fe4S] cluster, in {FeFe]hydrogenasé?
Reversible protonation of the two synthesised complexes, as monitored by IR
spectroscopy showed a small positive shift in the CO stretching frequencies,
consistent with reduced MCO backbonding by the reduction in electron density at the

metal. Addition of pyridine deprotonated the complexes fully reversibly when up to
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three molar equivalents of HCJQvere added, any more and the Fe complexes were
irreversibly decomposedH and®'P NMR data suggested the protonation takes place
at the sulfur of the dithiolene ligand. Cyclic voltammetry of the complexes under acidic
conditions (trifluoroacetic acid)ofmed two new cathodic peaks at more positive
potentials than that observed for the complexes under &cek conditions. Controlled
potential electrolysis experiments showed that hydrogen evolution could be sustained
at both reduction potentials as measd by gas chromatography, with a maximum
turnover of 15 at the more negative reductiopotential (-1.7 vs F¢/Fc). The
observdions of two catalytic peaks deto the conclusion that hydrogen evolution can

occur ky one of two possible pathwayScheme 2

¢ WR
R E

s S
\d
Me3P—Fe—PMes

oc/ ‘co

Ha

HS HS
HS, S N
A\ 3 3
Me3P—Fe—PMes Me3P—Fe—PMes Me3P—Fe—PMes
oC 1CO ocC /’CO ocC ”CO

HS & s us § E—
H 3 H =2
AN A
Me3P—Fe—PMe; Me;P—Fe—PMe;
ocC "CO oC l‘CO

Scheme Proposed atalytic cycle omononuclear iroHcarbonyI compleﬁ2

The first catalytic wave was rationalised by CECEC mechanism in which protonation of
the monoprotonated and monoreduced species allowed furthetugion at a similar
potential, then H was released, possibly by a protbgmdride reaction if the second
protonation occurred at the metal. The larger catalytic wave at the more negative
potential is instead attributed to a CEECC mechanism that invohestbtmation of a

doubly reduced, monoprotonated intermedigtdollowed by release of Hupon
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further protic attack. The ratdimiting step was determined to be the bimolecular
formation of hydrogen; therefore catalytic turnover was not limited by the tedty of

hydrides.

416¢C KBon-WYyy20SyiQ RAGKAZ2ESYS A3

Af AdFYyR Aa (2 06S NBIINRSR Ia WAreaRiOsydQ
complexto be defineds A G KA 2f Sy Sa KI @S -AsySy/RylipandidcR S R
it is possibleto consider a ligand of this type to be present im@nplex as eithean
ene-1,2-dithiolate dianion, a neutral dithioketone or as a delocalised radical
monoanion, Schem@. On this basis, the electronic structure of a dithiolene complex

can be described Yo a set of resonance structures, each of which involtres
dithiolene in one of theforms with the oxidation state of the metalentre being

adjusted accordingly.

O
R S -e R ’_S e R S
| = ‘o
O +e S +e
R S R S R S
ene-1,2-dithiolate dithioketone

Scheme3 Redox related forms of a dithiolene ligand

The oxidation state of the metal cannot be easily defined due to the uncertainty in the
oxidation state of the ligand(sleadingto the use2 ¥ WRAUGKA2f Sy SQ |
description that does not imply that such ligands aresent in a particular stat& **

The relative importance of thesstructures is expected to be reflected in the

corresponding moleculastructure and spectroscopic properties.

Extensive structural and spectroscopic investigations of dithiolene complexes have
beenreported,* often with the aimto determine theoxidation state of the metal and
the ligand(sf® One means of assessing the naturetioé dithiolene ligand(s) in a
complex is to comparéhe length of the dithiolene € and GS bonds with standard
single and double bond diances?’ However, the vast majority of structurally

characterised dithiolenecomplexes involve <€ and € bond lengths that are
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intermediate between théwo extreme forms of the ligand. THel NMR chemical shift
has proved a useful probe of the nature dfithiolene groups in diamagnetic
complexesFor complegs that, on the basis of othevidence,appear to involve the
dithiolene(s) present as an erie2-dithiolate, the 'H resonance is in the region of the
NMR spectrumtypical of olefinic protons @ ppm). Other dithiolene complexes
manifest*H chemical shifts of 90 ppm,shifts that are typical of an aromatic proton;
such values have been rationalisedtbe basis of an induced diamagnetic ring current

in the metallodithiolene ring®

4.2 Scope of tke chapter

Molybdenum and tungsten bis(dithiolene) complexes of the type [M{EDPh),]
(M = Mo, W) have been synthesiséd investigat the possibility ofcatalysis of
hydrogen evolutionfrom this type of system This is of relevance to the potential
activity of FDH type enzymes behaving as hydrogenases, as suggested by the work of
Sawer and covorkers® The following aspects are covered in this chapter:
(1) The basic electrochemistry of the synthetic dithiolene models in
predominantly the reductive regimes first described. Used in conjuction
GAUK AYFTNINBR aLISOGNRSt SOGNROKSYAOL!
dzy RSNRE Gl YRAY3I 2F (0 KBY yo5KI YA dRA RKFA 2]
could be achieved. Conclusions from the experimental studies were
reinforced by computational studies calculated using DFT methods, where
infrared data and structural models of the complexes were isolated.
(i) (Spectro)electrochemistry of the complexes in the presence of a proton
source / hydrogen were implemented to determine if mgdenase type

catalysis was evident by these types of metal bis(dithiolene) structures.
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4.3 Results andliscussion

4.3.1 Basic redox properties of [M(CeixCGPhy),]

4.3.1.1 Reductivecyclic wltammetry

Cyclic voltammetry of the basic redox chenystof the Mo and W dithiolene
complexes show two successive single electron reduction¥'Nand M"" as

previouslydescrited by the Holm group® °

50

0
o —10mVs™!
g ——25mVs!
S 0 AT > —50mvs
- NV ——100mVs™!
~100 200mVs™
——300mVs'
150 ——400mVs'

1.0 ~05 0.0 0.5

potential /V vs SCE

Figure4 Cyclic voltammetry of 0.24 miMo(CO)SGPhy),] complex in 0.2M [NBJIBF]-CHC) at a

vitreous carbon electrode at various scan rates.
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Figureb Cyclic voltammetry of 0.18 mW(CO)SGPhy),] complex in 0.2M [NBJ{BF]-CHC} at a

vitreous carbon electrode at various scan rates.
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Figures4 and 5 show thecyclic voltammetriaesponse for [Mo(CO)}(SGPhy),] and
[W(CO)SGPh),] respectivelyin a 0.2 M[NBuw][BF]-dichloromethane electrolyte

The voltammogramgor both the Mo and W complexes showo successiveedox
steps. The ratio of the peak current for the back sdglﬁ?k, to that of the forward
scan,i,*™ is close to one for both the first and second reduction steps, even at the
slowest scan rates: this is consistent with reversible electrochemistry. The peak
separations for both Mo and W complexes, at a scan rate06fmV &, areca60 mV

as would be expected for one electron stepsgure6 and Figures A4.4.4 show the
linear response of the peak currents for both the primary and secondary reductions of
the Mo and W complexes as a function of the squaret of the scan rate: this

establishes the diffusion controlled nature of the electrochemisry.

60

Io/UAcm=

20

OO 01 02 03 04 05 06

(ﬁ)/(v1/2 S1/2)

Figure6 Plot of cathodic peak curremssquare root of scan rate for the first reduction of

[Mo(CO)(SGPh),]. (Plots for the other redox waves can be seerhmappendixFigures A4-A4.4).

In summary, these results establish that the Mo and W complexes undergo two
successive, diffusion controlled, one electron reduction steps which are fully reversible
on the cyclic voltammetric timescale of seconds and inoet with that reported

earlier by Holm and cworkers®” #°

The redox couples for the tungstesmalogue take placea 50-70 mV more negative

than the molybdenum specieBjgure?.
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Figure7 Concentration normalisedyclic voltammetry ofM(CO)SGPh,),] complexsin 0.2M
[NBw][BR]- CHCL at a vitreous carbon electrode 400 mV g

This is a general observation for MeW, for examplearans[MoOCI(dppe)” is easier

to reduce than its tungsten analogdéMany more comparative examples can be
found in the literature and have been tabulated elsewh&@&he explanation for this
probably lies with tungsten forming stronger metajand bondsij.e. possessindgower
energy molecular orbitals than molybdenum, with correspondingly higher energy anti
bonding orbitals including the LUM®Ohe relativistic effect is greater for the tungsten

5d orbital than for the molybdenum 4d orbital and it is therefore easier for the former

to lose electrons to form bonds with ionic character. The small shift in remtuct

LR GSYaAlrt |32a20AF0SR 6A0K AYyOGSNOKFIyaAy3
AYyy20SyidQ ylIFiddz2NBE 2F RAGKAZ2ESYS fA3FyRaA®D

It is somewhagmbiguous to assign the redox wavesMd™" and M"" oxidation state
changes without further analysis 6fK S RF GF | & -AWPHAOABYI( Q Ty lii
the dithiolene ligands. The electronic arrangement of the dithiolene ligands can be

represented by three limiting canonical structures, Schdme
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Schemed Possibleesonance structures of [M(CHCP)-].

The low reduction potentials and the ability to add two electrons reversibly suggest
the parent complexes are electradeficient, whichimplies that the 14 electron, M

configuration or the 16 electron Mstructures are dominant.

As suggested by All&h possibly the most informative method for characterising the
electronic configuration of a dithiolene complex is to analyse the &nd € bond
lengths in the dithiolene backbone to rationalise whether tleeynform with single or

double bond lengths.

The Holm group have isolated the three redox species for the series
[Mo(COXSGMe,);]**° and [W(COYSGMey), 1°*° and obtained Xay
crystallographycharacterisation, enabling bond length analsis® It was confirmed

that the GC and €5 bonds matched expected values for respective double and single
bonds, verifying that the ligands structurally behaved as classioall,2-dithiolate
dianions. Thids consistent with the parent complexes withhich this chapter is
concerned, [M(CQISGPh).] (M = Mo, W), also possessing a 14 electron, M(IV)
configuration and successively reducing to-eléctron M(Ill) and 1&lectron M(II)
species.This cannot therefore be dithiolene/dithiolate ligand basealox chemistry,

the LUMO is more associated with metal and CO orbital character as is discussed

below.

4.3.1.2 Spectroelectrochemistry

The presence of multiple carbonyl ligands allows infrared spectroelectrochemical
measurements in the range 1740100 cm’ to be obtained across all three redox

states of the Mo and W complexes.
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Figure85 A 0 S NsBeyti@rS for the first reduction (M") of 9mM [Mo(COYSGPhy),] in 0.2 M
[BwN]BR]-CHCL for a scan at 0.88 relative to a scan &0.08s.

The sgctroelectrochemicatlata that is shown in Figurés& 9 is for M = Mo(full sets

of data for both the molybdenum and tungsten complexesaigilable in appendjx
Figures A546). The diference spectral data in FigureB is for the
[Mo(COXSGPhy),]"™" redox couple with the two negative peaks corresponding to the
disappearance of the MY species (starting material) and the positive peaks
corresponding to the growth of the Mb species (product). The two IR peaks
correspond to the symmetric and asyreinc stretching modes of the two CO ligands,
with the symmetric stretch observed at the higher wavenumtehe shift upon
reduction to lower wavenumbers is indicative of adding electron density to a metal
centre, as this increasésbackbonding to * antibonding orbitals in multiply bonded
ligands such as CO, weakening theOCtriple bond and reducing the vibrational
energy. The same pattern is seen for the((MD)(SCGPh),] redox couples as displayed
in the appendix Kigures A5.1116). A typical respase when the potential is reversed

and the complex is rexidised back to the starting material is showrFigure9.

131



1.5

2035
1989
1960
1876

0.5

AMilliabsorbance

|
o
o

1

2100 2000 1900 1800 1700
Wavenumber/cm™!

Figure95 A G SNByYy OS 2 LIS OO0 NHzy "f"pal9 nivK(CPISBR)I] in B M dzO G A 2 v
[BuN]BR]-CHCL in the time range B4 s (blue) to 14.00 s (red) relative to a scan at 0.08 s.
In this figure the red trace shows a flat line, indicating that the complex has been fully
oxidised back to the starting material, thus the depletion bands of the starting material
and the growtho F YR&a F2NJ GKS LINRPRdzOG FFNB St AYAY
spectra for other reduction couples are given in the appenéiguresA4.6A4.16

(even numbered only).
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Figure105 A 0 S NsPeytQr8 for the second reduction (f) of 9mM [Mo(COYSC,Ph),] in 0.2 M
[BwN]BFR]-CHCL for a scan at 0.88relative to a scan &0.08s.

For the reduction of MB", only one negativeloss peak was seen and the stretch seen
at 18% cm'is of low intensity, FigureQl This is due to an overlap between the two

absorbtions and the overall sum of the two peaks at similar wavenumbers is a small
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gain at 1886 cm, corresponding to one of the peaks associated with the appearance

of the M" species.
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Figurell5 A U S NsBegtirB for the direct second reduction {ff) of 9mM [Mo(CO)SGPhy),] in 0.2
M [BwN]BR]-DCMfor a scan at 0.88relative to a scan &2.08s.

Stepping directly fronM" to M" revealed all three sets of peaks as illustrated by Figure

11, therefore including the M CO peaks. Why this is the case can be explained by the

MY +2e >M"

configuration of the spectroelectrochemical cell, Figure 12.
1
1
1

4
1

10 pm ‘
MII + MIV S 2M"I

I 0.85 pm

Figure 2 Schematic diagram of electrolyte compartment of spectroelectrochemical cell.

After the M starting material is doubly reduced at the surface of the electrode to the

M" species, it must diffuse out towards the evanescent infrared wave of the ATR to be
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detected. In this region, the reduced'vhaterial may encounter a molecule of the'M
starting maerial, Figure 2. Electron transfer can occur between the two species,
creating two molecules of the WMspecies, which is why this intermediate species is

detected by IR even though it is not directly electrosynthesised in the experiment.

Complex M"IRvalues / cm | M" IR values / crit | M" IR values / crit
1
[Mo(CO}SGP)J] 2040, 2002 1967, 1899 1886, 1770
Mo(COXSGMey)] | 2026, 1962 1952, 1885 1875, 1757
[W(COXSGP)] 2035, 1989 1960, 1876 1870, 1752
"TW(CO)SGMes)] 2023, 1951 1942 1865 1864, 1742

Table 1Stretching frequencies of the CO ligamstiéfted by reduction of M(CO)}(SGCPhy),] determined
by spectroelectrochemistrin comparison with nujol mulls SfM(CO}(SGMe,),] isolated by Holm?

The complete set of CO stretchifirequencies for all the oxidation states of both the
molybdenum and tungsten analogue complexes are shown in Table 1. The
spectroelectrochemical data shows that the corresponding tungsten peaks are
between 5 and 14 cthlower in energy than are their mgbdenum counterparts, the
difference increasing as the oxidation state is lowered. Evidently tungsten is modestly
better at backR2 Yy A2y Ay 02 /h ~fF 2NDBAGIEEA & OF

becausethe donor/acceptor synergy is more effective.

Holm and ceworkers have reported infrared data for the three redox levels of the
[Mo(CO}SCGMe;),] and [W(CO)SGMey),] in nujol mulls and these are also given
for comparison in Table % The plot of NCO) data for the $GPh] series of
complexesversusthose for the 5GMe,] series reported by Holm is shown Fingures

13 and A4.
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Figure B n(CO) data for M = Mo, fg6&GPh)] seriesversushe [SGMe,).
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Figure ¥ n(CO) data for M = Mo, fg&GPh)] seriesversushe [SGMe,).

The lineaty of the plots and the slope close to unity confirm that the electronic

influence of these two types of dithiolene ligasware very similar

For all of the complexes, theeparationbetween the peaks varies with change in
oxidation state, increasing witlowering of oxidation state. This is showrFiguresl5
and 16. This type of effect has been attributed to an increase in strstobich

interaction constants of a pair of e8| Nb 2 y -®dckibondirg increases.>
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Figure B Plot of molybdenmn oxidation state against wavenumber of the corresponding CO IR peaks
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Figure B Plot oftungstenoxidation state against wavenumber of the corresponding CO IR peaks

4.3.1.3 DFTcalculations
DFT calculations were undertaken, by Dr. Joseph Wrighta@dd ! dzONJ WI 6 f 2°

obtain further insight into how the structural, electronic and spectroscopic properties

of the complexes change with oxidation state.
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Figure18 Simulated infrared stretching frequencies of [W(&8T:Phy),]*" 2.

Figures ¥ and 18 above show the relative positions of the carbonyls stretching
frequencies for all three oxidation states of the molybdenum and tungsten dithiolene
complexes as generated by DFT. When compared to the experimental
spectroelectrochemical data, the simulaté®data showed the same trend¥here are

two peaks seen for each oxidation stavdth the separdion between the peaks
increasing uporreduction. Also, similarshifts in wavenumber are observed for both
experimental andn silicoresults upon change in metal oxidation state. Thus, there is
an excellent linear correlation between the experimental and calculated CO stretching

frequencies for the Mo and W redox sesi Figures 19 and 20.
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Calculated v(CO)/cm™'

Figurel9 Plot of experimenwersuscalculated CO stretching frequencies for [Mo(£8%,Ph),]

Calculated v(CO)/cm™"

Figure20 Plot of experimentersuscalculated CO stretching frequencies faf{([CO)SGPh),]

The DFT data alscontains information about the structures of all the species which

enables
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analysis of changes in geometry with the redox sta@ble 2shows how thecisOGM-

CO bond angle changes with the formal redox state.

Complex M"YGM-C angle | M"GM-C ange / ° | M" GM-C angle P
[Mo(CO}SGPh):] 82.7 78.7 74.3
[W(COYSGPhy)] 83.5 78.7 74.2

Table2 Angle between the two carbonyl ligands altereg reduction of the complex determinduly
DFT.
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As electrons are added to the systgiine bond angle dcreases by about®$n total for
both the Mo and W series. The origin of this decreassy imvolve an increase in

O-C--G0 bonding interactior' * as discussed in more detail below.

Support for this comes from an examination of the evolutwéthe HOMO and SOMO/
LUMO of[Mo(CO}SGPh),]. Figures 21, 22 and 2 show the orbital distribution
pattern for the three redox states of only the Mo series, as both series show the same

trend. Tungsten data can be found in the appendix, Figures A4 1IR.

Figure22 Electron distribution in th&&OMO of [Mo(CQ}[&CZPm)Z]l'.
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Figure23 Electron distribution in thé.UMO of [Mo(COzX$C2PhZ)2]2'.

At the MV level the HOMO igredominantly metal and dhiolene in character, Figure
21, whereas upon successive one and two electron reduction there is electron density
distributed in the SOMO/LUMO, Figure2 and 23, which indicates shared OCO

bonding character.

Structural change associated with the addition of electrons within the complexes are

Of SIN¥ & aSSy Ay GKS WwWolff FyR adAao|1Q NB
Figures24, 25 and 26. These again are only shown for molybdenum because the same
trends for the isosuctural complexes of tungsten are observed; the tungsten data can

be found in the appendix, Figures A420.22.

Figure24 Structural representationf [Mo(CO)(SGPh),] using geometries from DFT simulation.
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Figure25 Structural representatiomf the one electron reducedMo(CO)(&Czth)z]l' using geometries

from DFT simulation

Figure26 Structural representationf the two electron reduced[,Mo(CO)(&Qth)Z]z' using geometries

from DFT simulation

CNRY (RND Y SEo8pexs, the Kesline in the magnitude of the @G
CO angle as the complex is reduced can evidently be seen. What is also notable is that
the sufur atoms of the dithiolene ligands, which remain in a plane for the neutral and
1- species, are distorted upon the @and reduction. It is possible that the increase in
electron density within the OCCO unit upon reduction repels the4electron density
on the alkene component of the dithiolene and this distorts the M&&mework.
Increased antibonding electron dengibn the CO ligands badonated by the metal
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as the complex is reduced repelling the lone pairs of electrons on the sulfur atoms of

the dithiolene would also lead to this distorted geometry of the Mfs&mework.

4.3.2 Hydrogen evolution

4.3.2.1 Cyclicvoltammetry

Dihydrogen production by the complex¢sl(CO)SGPh),] was first examined by
cyclic voltammetry i0.2 M [BuN][BR]-CHC} in the presence of a proton source,
trifluoroacetic acid (GEQH), Figures 2and 2.
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Figure Z Cyclic voltammaety of 0.24 mM [Mo(CQJSCPh),] complex in 0.2V [NBuw][BFR]-CHC} at a

vitreous carbon electrode with increasing equivalents of trifluoroacetic acid at a scan rate of 100 mVs
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Figure28 Cyclic voltammetry of 0.18 mM [W(GEBGPh,),] complex in0.2M [NBu][BR]-CHCL at a

vitreous carbon electrode in the presence of equivalents of trifluoroacetic acid at a scan rate of 100

mvs!,

The first reduction of both the molybdenum and tungsten complexes remains
unperturbed by the presence of low condeations of trifluoroacetic acid, 0 to 20
equivalents, as shown by Figure§ 2nd 2B respectively. This indicates that the
complexes are stable under the acidic conditions of the experiment. The faradaic
response of both the molybdenum and tungsten anakeguincreases at the
[M(COYSGPh).]*"% level as increasing amounts of the acid source are added and
the peak progressively shifts for both cphlaxes to more positive valueslhis
behaviour is indicative of an eleotatalytic response. Figure® and 30 show the
corresponding response at higher acid concentrations. Up to about 640 equivalents of
acid, the electrocatalytic behaviour is wdkfined for both complexes at the
[M(COYSGPH),]"" level.
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Figure29 Cyclic voltammetry of 0.24 mM [MBO}(SCGPh),] complex in 0.2V [NBuw][BF]-CHCL at a

vitreous carbon electrode with increasing equivalents of trifluoroacetic acid at a scan rate of 190 mVs
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Figure30 Cyclic voltammetry of 0.18 mM [W(GEBGCGPh),] complex in 0.2M [NBw][BR]-CH,C) at a

vitreous carbon electrode in the presence of equivalents of trifluoroacetic acid at a scan rate of 100

mvs!.

Normalised for the concentration of the parent complex, the plateau currer4gt
equivalentsis about twice that for Mo as for the \Wbmplex suggesting the former is

the faste electrocatalyst, Figurel3
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Figure31 Concentration normalisedyxlic voltammetry of f1(CO}SGPh),] complex in 0.2V
[NBuw][BFR]-CHCL} at a vitreous carbon electrode in the presencesdd equivalents oftrifluoroacetic

acidandat a scan rate of 100 mVs

At the highest acid concentration, 640 equivalents, the first reduction wave increased
substantially in magnitude indicative of a slower electrocatalysis involving the

[M(COXSGPh),]%* couple, this was accompaniethy the emergence of another
reduction process.

Figure32 Peak currenversusacid concentration at the®land 2“reductions of 0.24 mM
[Mo(CO)(SGPh),] complex in 0.2M [NBw][BFR]-CHC} at a vitreous carbon electrode at a scate of
100 mVs.
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