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ABSTRACT

A detailed understanding of respiration at the mwliE level requires an understanding of the
many electron transfer steps involved in the prec@fese electron transfer processes are
extremely fast and are impossible to measure byplsimapid mixing techniques. In order to get
around this problem, scientists have used lassh fidnotolysis. This technique relies on the fact
that under proper conditions, a reactant can bergéed by a very short laser pulse. Once
generated, the course of the reaction can be meditby various techniques capable of very
rapid time response. Many applications of thishodblogy rely on the use of ruthenium (I1)
polypyridine complexes to initiate the reactionsraérest. This approach has been used to study
the rates of electron transfer between cytochropand cytochromés, cytochrome peroxidase
and cytochrome oxidase and thg bomplex. The latter are key components in theiraispn
process. In these investigations special emphasis placed on the design of ruthenium
complexes that were efficient and compatible witle biological components. A thorough

understanding of the design parameters are crtbocabntinued success in this area.

Dimeric ruthenium complexes at the current timeegppo be among the best candidates for
photochemical initiators. The photophysical projsrtof these complexes, however, have not
yet been examined. In particular the excited-difdéme of some of the monomers of interest
appears to be comparable or even longer than thresponding dimers. This observation is
inconsistent with the single covalent bond thakdirthe two monomeric units which would

provide strong electronic coupling and rapid extiwtate decay. Preliminary observations
suggest a very weak electronic coupling. The ugdeylbasis of this inconsistency is important
in future design endeavors and may provide usafarmation for the use of these complexes in

other areas such as solar energy conversion.



In order to investigate the magnitude of the etattr coupling, both symmetric and asymmetric
ruthenium (1) dimeric complexes were synthesiZEde ligands used in the synthesis of these
dimers were limited to either those commerciallyaitable or those that could be easily
synthesized. The symmetric ruthenium (Il) bipyraidimer ([Ru(bpydiphen(bpy)](PFs)s)and
([Ru(TAP)Xdiphen(TAP)](PFs)s were synthesized through a nickel catalyzed cagpkeaction .
The asymmetric dimer ([Ru(bpgiphen(dmbpyy](PFs)4 ) on the other hand was synthesized by
decarbonylating [Ru(dmbpy()CO)](PFs). with three fold of excess trimethylamine N-oxide i

the presence of 2-methoxy ethanol and reactinglht fjRu(bpykdiphen](Pf).

Emission measurements confirmed that there is goifsant difference in the excited state
lifetime of the monomers and the dimers (both symnimend asymmetric) used in this study.
The result from our electrochemical studies shothed the mixed dimer complex was made up
of two metal centers with different redox poterstialhe symmetric dimer on the other hand has
the same redox potential for each of the two metalters and they do not interact with each
other thus giving a single two electron oxidatidrttee same potential. Finally, our result from
the emission study of the mixed dimer showed thatemission energy of the mixed dimer was

equal to the average of the bpy and dmbpy dimers.

From the photochemical studies, one can conclude ttle mixed dimer and the symmetric
dimers behaved as the monomers because there veagnifacant change in the excited state life
time This indicates that the metal center of bbih mixed dimer and the symmetric dimers are
weakly coupled by the bridging ligand and therends significant coupling between the two

metal centers.
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CHAPTER 1: INTRODUCTION



1.1 Introduction

Ruthenium () polypyridine complexes such as Ry have been extensively

investigated over the past four decades.

The intense interest in these complexes derivas fie fact that they show significant
promise as solar energy conversion catalysts. prbperties that make these complexes of
interest in this area also make them candidatasnmmber of other areas. For example a variety
of oxygen and pH sensors have been developed utitlemium polypyridine complexes as the
key component. This family of complexes has alsenbextensively used in fundamental studies
of electron transfer, especially reactions of bgadal interest. In this application, the photoredox
chemistry is used to initiate electron-transfergesses of interest which are then monitored by a

technique called laser flash photolysis.

The basis of all of these applications is a longdi excited state that is both a strong
oxidant and a strong reductant. The excited-stéé&inhe is approximately 300 n sec in air
saturated aqueous solution. While this is a vartsamount of time, it is adequate for redox
reactions of the excited state to proceed in highdy This characteristic is not unique to this
family of compounds. However, ruthenium complexésrahe added advantage that they are
thermally stable in multiple oxidation states. Tdmmbination makes them ideal candidates for

the applications described above.

This dissertation will focus on the photochemiaad &lectrochemical characterization of
some dimeric complexes that have been successipiiyied to an exploration of the redox
reactions involved in respiration. In this contexspecific group of complexes will be examined

in an effort to understand what determines theteddtate lifetime and how this information can



be used to design more efficient photoredox congdex he discussion will begin with an
introduction to the basic biological system of mett. This will be followed by a brief
description of laser flash photolysis. The ovepdibtoredox reactions used to address specific
guestions and the design criteria used in seleatinigenium complexes will be described.
Finally the properties of dinuclear complexes Ww#l discussed and compared to the monomeric

analogues.

The question of interest is whether or not theatimmolecules of interest behave as two
independent monomers with photochemical propersiesilar to the monomeric subunits.
Alternatively the dimeric molecules may have newparties as a result of the interaction of the
two metal centers. A final option is a compromisggween these two extremes; the molecule is
similar to the monomeric complexes but has some features. The appearance of these
features may be temperature dependent. In thestas®d in the literature in the first case the
metal centers have weak electronic coupling, tleerse case strong coupling and in the third

case the coupling is intermediate in magnitude.

1.2 Oxidative Phosphorylation

The mitochondria inner membrane is one of the nmmhplex of all biological
membranes. It is a highly specialized system fodative phosphorylation. The enzymes of the
electron transport and oxidative phosphorylatios faund in a fluid lipid bilayer that acts both
as a permeability barrier to polar molecules and dsamework capable of accommodating a
variety of proteins. The plant respiratory chain like its animal carpart consist of only four

protein complexes namely: complex I, complex limgdex 11l (also known as cytochromebc



complex) and complex IV (or cytochrome c oxidagdj)ese complexes (except for cytochrome
c) are very hydrophobic and are soluble in thedflipid bilayer membrane of the mitochondria

inner membrane.

Complex | is responsible for electron transfer frlilDH to ubiquinone and pumps four
protons into the membrane space starting to buyldhe proton gradient in the inter membrane
space. Complex Il generates FAPbBY the oxidation of succinate to fumarate in tmebk’s
cycle. The FADH is then used to generate ubiquinol from ubiquindnehis process however,

there are no protons pumped into the inner membrane

Complex Il (cytochrome hccomplex) was discovered and purified from boviearh
mitochondria in 1961 °. This enzyme catalyzes electron transfer from dlibybiquinone (Qk)
to cytochrome c and this reaction is coupled t@as membrane proton translocatio@omplex
lll is only functional in a dimeric form with eaanonomer consisting of eleven subunits. The
mechanism of oxidation and reduction of ubiquinameéhe mitochondrial respiratory chain at
complex Il is currently described by a processwnas the Q cycle. The electrons enter the
protein by way of oxidation of dihydro ubiquinoné the Qo site. The initial electron is
transferred to the Rieske iron-sulfur center. Rigke center then rotates to transfer its electron
to cytochrome £ The electron is then transferred to an oxidizgtbchrome c that is
electrostatically bound to bcl complex close toocitome cl. The second electron from
ubiquinol is then transferred to cytochrome (low affinity) followed by the electron being
transferred to cytochromeylghigh affinity). This electron is then transferreda quinone that is
docked at the Qi site. At the end of the cycle, @id, molecules are reduced to two cytochrome

¢ molecules generating one ubiquinol. Two protoresramoved from the matrix to form new



QH; and four protons are pumped across the inner nmemabiThese protons contribute to the

protein gradient used to drive ATP synthesis.

Complex IV (cytochrome c oxidase) is the terminainplex of the electron transport chain. It is
a multi-subunit enzyme complex that catalyzes #reninal act of respiration by transporting
electrons derived from the step wise oxidationaafdstuff to molecular oxygenCytochrome ¢
oxidase catalyzes four electron reduction of mdbeacoxygen and the electrons are provided by

ferrocytochrome €.

During the course of this oxidation, cytochromehatties rapidly between cytochrome and

cytochrome c oxidase. The enzyme (cytochrome cawejlis made up of four redox centers.
The first center is Guwhich is the recipient of electrons from ferroagftoome ¢ and the second
redox center is cytochrome, aytochrome aand Cy which is the site for oxygen reduction

form the overall redox chain.

Numerous investigators have contributed to the erurrstate of understanding of
oxidative phosphorylation. Measurement of the catestants of the reactions is a central theme
in these investigations and laser flash photolysisg ruthenium polypyridine complexes as
photochemical initiators has played a major roléhese measurements. It remains for many
reactions to be the only means currently availdbtethe accurate determination of the rate

constants. Many of these measurements have beamtlyereviewed:™
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Fig 1: Oxidative Phosphorylation: Chemiosmostic Copling by Peter Mitchell



1.3 Laser Flash Photolysis Experiment

The laser flash photolysis experiment is based loa idea that a laser induced
photochemical event can be used to produce a reamtathe time scale of a laser pulse. Laser
pulses as short as picoseconds have been usedh®ive of pulse length is generally dictated
by the characteristics of the reaction under ingatibn. A simplified view of the essential

equipment is shown in Figure 2.

Tungsten
lamp

S |
ol Nd:YAG Laser

HV power supply

Interference m—
Filter

Diode
Detector

Figure 2. Simplified drawing of the laser flash photolysis aparatus.

The equipment consists of a probe beam which incthreent study is a tungsten lamp. The
beam is directed through the sample into some tfpevavelength selecting component or
device. In this example, a simple interferenceefivith a band pass of 10 nm is shown. A

monochromator can also be used.



The light intensity is monitored by a photodiodeagshotomultiplier and the time course
of the intensity following the laser pulse is mongd with a high speed digitizer. The digitized
data is then converted to absorbance with a commitierfaced to the digitizer. Although not
shown a shutter is often placed in front of the gl@nto avoid photolysis from the probe beam.
In the example shown, the laser is a Nd: YAG lasarch has a pulse width of about 10

nanoseconds. Longer pulses can be provided Wy flasiped dye lasers or simply a flash lamp.
1.4 Reactions between Ruthenium (II) Complexes arféroteins

In the early 90’s, several reaction schemes wees loevised to use the photochemical
and redox properties of ruthenium complexes toyseldctron transfer reactions in biological
systems. In one of these experiments, cytochrom@as covalently linked to a derivative of
[Ru(bpy)]?* . Excitation of the ruthenium label with a very shiaser pulse results to a very
rapid reduction of Fe(lll) of cytochrome c to F¢(lUnder appropriate conditions, cytochrome ¢
is electrostatically bound to cytochrome c oxidaggch in turn is reduced by cytochrome c).

(Scheme 1).

A number of ways to covalently linked ruthenium gexes to cytochrome c have been
developed. One of these methods relies on the ugeretically engineered cytochrome c in
which a specific amino acid on the surface is regalaby cysteine which then reacts with a
derivative of the ruthenium complex that contairbromomethylmethylbipyridin&. **°. The
reagent reacts specifically with the cysteine urmgpropriate conditions to form a thio ether

bond and HBr.

The photoinitation process is illustrated in Scheimi@a which Ru(ll)-Fe(lll) represents

ruthenium and the heme iron states in a rutheniytacbrome c derivative. Irradiation of the

10



complex with a short laser pulse results in thanfion of Ru(ll)* metal-to-ligand charge
excited state. The excited state can undergo elettansfer reaction (kto yield Ru(lll)-Fe(ll).
The intermediate Ru(lll) can reoxidized the Fe@ihd return the system to the starting point with
no net reaction. This unproductive back reactioprsvented by a donor (e.g. aniline) which
reacts irreversibly to reduce Ru(lll) and yield RuEe(ll). At this point, the photoinitiator is
restored to the original oxidation state and islygfar the next laser pulse. Decay of the excited
state back to the ground state by processes thabtdavolve electron transfer is represented by
kq. When the ruthenium cytochrome ¢ (Ru-Cc) derivaisradded to solutions of cytochrome ¢
oxidase (CcO), then photoinitiation of the ruthenicomplex results in rapid reduction of heme

c, followed by electron transfer to Cua, heme a famally the heme g Cu, binuclear center in

CcOX™.
Ru(l1)*-Fe(l1)
A \
Kqg U
Ru(ll)-Fe(ll) <[] » Ru(ll)-Fe(ll)
ko

Y
Ru(ll)-Fe(l11)
Scheme 1
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Ru(I1)*-Fe(l1)

A Ky

A
2 N
Ru(l)-Fe(lIl) <A » Ru(ll)-Fe(lll)
Ky
Y
Ru(ll)-Fe(ll)
Scheme 2

In scheme 2, the reduced form of the protein sysRertil)-Fe(ll) is excited by a laser to form
Ru(lh)*-Fe(ll). There is an electron transfer raant between the Ru(ll) center and the iron
center in which case the Ru(ll) is reduced to Rafijl the Fe(ll) is oxidized to Fe(lll). Just like
in scheme 1, two pathways are possible at thigstagne pathway, there is an electron transfer
from the iron center to the ruthenium center briggihe system back to its initial resting stage
(Ru(l)-Fe(l)). In the second pathway, a sacrdicacceptor accepts an electron from Ru(l)
thereby oxidizing the ruthenium center to a RufiRile the iron center remains unchanged as an
Fe(lll). This scheme results in the rapid productad a protein with an iron center containing

Fe(Ill).

Scheme 3 shows yet another reactions pathway amabe utilized. This scheme shows a
series of reactions in which the ruthenium (1) gdex reacts with a quencher Q producing [Ru
(bpy)] *. The Ru (1) complex subsequently reacts with an genter of a protein and reduces the
Fe(lll) to an Fe(ll). The net result is the sametlzet provided by Scheme 1. The sacrificial
donor and quencher involved in both schemes respéctshare similar properties and one

molecule may perform both functions. The end prodicboth schemes is a Ru (I)-Fe (1)

12



complex. It is worth noting that, ideally, the qoler is a small molecule that reacts irreversibly

and does not interact with the protein reactiomtdrest.

;%
Ru(l)-Fe(lll)
kq

Ru(l)*-Fe(l11) K4

A \
Kg
Ru(l1)-Fe(ll) » Ru(ll)-Fe(lll)
/
Y

Ru(I1)-Fe(l11)

Scheme 3

Pioneer work by the Nilsson grodpshowed that [Ru(bpylf* electrostatically associates with
cytochrome c oxidase with sufficient stereospeitifito allow the excited state of the ruthenium
complex to donate an electron to the metal ceritargyotein. The binding efficiency was found
to be strongly correlated to the charge on the d¢exnprhich led to the synthesis of several
dimeric complexes with +4 overall charge. The dimeomplexes have been used to investigate
the electron transfer processes inside cytochromedase which contains four metal centers but
only one is involved in the electron transfer framother protein. The emphasis in this case was
on the reactions after the electron was injectéadl tine protein. The dimers have also proven to

be invaluable in the investigations of the reatiohthe bcl complex.

A constant theme in the above mentioned procedgisreation of systems that provide a very

high yield of photochemical products. High yieldsply large amounts of proteins are reduced

13



or oxidized and the signal to noise ratio of sulbeed measurements is high. Some parameters
are extremely important in increasing the overdficency of the photochemical initiation

reaction and these include:

» The excited state lifetime of the complex.
» The charge on the complex.

» The redox potential of the complex.

By increasing the excited state lifetime, one iasgethe chances of an electron transfer reaction
taking place and therefore complexes with excitatedifetime greater than one micro second
are desirable. The overall charge on the complexnly important when the complex is
electrostatically bonded to a protein. Based on @ad current research, the binding efficiency is
optimum when the charge on the complex is +4. Huox potential of a complex can either
increase or decrease the overall photochemical wiethe product. According to Marcus theory
for simple electron transfer, the rate of reactimreases and then decreases with increasingly
strong oxidizing complexes and the effect has lsmonstrated with the reactions shown in
Scheme 1. Scheme 3 offers some additional fleighiti the choice of reactants and previous

choices have resulted in a general trend of highldgiwith strongly oxidizing complexes.
1.5 Photochemistry and photophysics of [Ru(bpy)**

The long-lived excited state of [Ru(bglf) was a key factor that led to great interest in
the study of ruthenium (lI) polypyridine complexd®uthenium (II) complex is a®ccomplex
with the b4 orbitals being completely filled and thg. erbital unfilled. Excitation of an electron

from the g4 orbital to then* orbital gives rise to an intense metal to ligacithrge transition

14



(MLCT) at 452 nm". Weak bands in the UV region of the spectrum anmesalt of x-n*

transitions.

Over the last 4 decades many investigators haveséat their attention on the nature of the
excited state of [Ru(bpy]f* and related compounds. The current state of thestigations is

summarized by Figure 3 which shows the excitect staergy diagram.

15
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Figure 3: Excited State Diagram of [Ru(bpy}]**

The ground state of Ru(bp§) is a singlet ground state designatgd/®sorption of light
leads to population of the; SS, and other spin allowed transitions. Following timéial
absorption event the triplet state, designatedis populated with 100 % efficiency * The
triplet state is the long-lived excited state rasgble for the photoredox events and it has been
characterized by Raman and UV-Vis spectroscopy @theér techniques®*.R.J Watts et al
showed that the temperature dependence of therldas correlated with a lower set of emission
levels which undergo weakly coupled non radiatieadivation and a higher set of emission

levels which undergo strongly coupled non radiatieactivatiort’.

The excited state decays by a combination of peesedt decays by emission of light centered

at about 600 nm and by a nonradiative process waimaply degrades the excited state energy

16



into heat. Near room temperature a third processirs which the principle route for decay.
The process involves thermal population of a higheited state, labeled d-d state. The d-d state
decays rapidly to the ground state by a nonradiapvocess. The small but measurable
photochemical loss of bipyridine from the compleasibeen postulated to be a consequence of
population of this state. The temperature deperelehthe excited state lifetime is the primary

source of information leading to Figure 4 and igheeatically described by equation (1).
1/t = knr + kr +kexp AE/RT) (2)

Where knr is the rate constant for non-radiativeagiekr is the rate constant for radiative decay
(emission), k is the rate constant for decay ofetha@ted state andE is the energy gap between
the triplet state and the d-d state. Watts et @bned values of 3600 cih for the upper set of
levels which give rise to ligand substitution phattemistry. The upper set of levels is assigned
to the d-d staté.Other investigators have suggested additionastadt the three state model is

generally accepted as a minimum.

Low temperature emission study (77 K) done by Cyasthal***” showed that the excited
state consist of three close lying emitting stadan Houten and Watt§ showed that the
emission of [Ru(bpy]** displayed a blue shift in ethylene glycol upon lagwp In an alcoholic
medium at 77 K, the emission lifetime of [Ru(bg}§) is approximately 5 ps. This order of
magnitude of emission lifetime is common in metahplexes which have MLCT excited states.
Those with ligand centered excited states havestomidifetimes in the millisecond rangé:**

* R.J Watts et al studied the luminescent behavfofRoi(bpy)]?* at -196°C and 100° C
respectively. They observed that the spectrum lemsdind red shift as the temperature was

raised.

17



The rate of radiative transition such as fluoreseeand phosphorescence were found to be
determined by the spin and symmetry of the complbere as the rate of the non-radiative
transitions were found to increase with decreasrgited state energy’ *. The emission
lifetime was found to decrease as temperature aseie The relationship between the emission

lifetime and temperature is given by the equatielow *’:
Y o=k, + 2k (T) 2

1 = Life time of the excited state

ko = rate constant of the ground state
ki = rate constant of the excited state
k™ = non radiative transition

T = temperature

The temperature dependence on the non radiativesemilifetime was found to be dependent

on:

I.  The crossing of an activated surface to anothetezkstate which is described by the
Arrhenius equation.
[I.  Vibrational modes that favor non radiative decayiclwhare absent at low temperature

due to a frozen molecular environment.

At high temperatures, the luminescence lifetimals related to an activated surface crossing

from a>MLCT to a*MC energy level which is described by an Arrherggsation
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The excited state of *[Ru (LE)*" is described as either localized ([RU(LL)2(LL)]*") or
delocalized ([RF*(LL 3)3]*" ) model respectivelyThe localized excited state theory postulates
that the promoted electron resides in a singlentiga a hypothetical Ru-LL unit and assumes a
Cov symmetry’® *. This model has been used to explain charge #aasforption of complexes
containing nonequivalent ligands. Experimental erizk to support the localized model is strong
in a fluid solution but is less convincing in thelid state or in low temperature glasses.
Molecular orbital calculations of the C2v point gpposymmetry corresponds to that of low
temperature spectrum of [Ru(bgly).®. This model also matches with the electrochemical
experiments of [Ru(bpy)*". Electrochemical studies show that the singly ceduspecies
[Ru(bpy)]” is formed with the added electrons delocalizedona bpy ring rather than being

delocalized on all threg.

The delocalized model on the other hand describsiguation in which the electron is either
shared by the three ligands or it undergoes hopfrorg ligand to ligand. In this model, it is
assumed the promoted electron resides in an omvital a D; symmetry. The lowest energy
configurations d—n* is described as a set of three levé&ls)n this model, the splitting of the
energy level is as a result of the interaction leetw the excited electron and the electron
remaining in the Yorbital whereas ligand — ligand interaction is Ireted. The delocalized or

electron ion coupling model has been used to desdhe excited state of complexes such as

[Ru(bpy)(phen}.] #**, [Ru(bpy}]**
1.6 Electrochemistry of [Ru(bpy}]**

Ruthenium (ll) polypyridine complexes undergo a emsible one electron oxidation and

reduction whose redox potential is solvent indepetd. Oxidation of ruthenium (ll)
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polypyridine involves the loss of electron from atal by orbital resulting to the formation of a

low spin 4@ ruthenium (II) complex which is inert to ligandlsstitution®.
[Ru" (LL)3]* & [Ru"(LL) 3> +e . 3

The redox potential of Ru (1) / (1ll) polypyridineomplexes is 1.25 V with respect to normal

hydrogen electrode (NHE).

Reduction of ruthenium (llI) polypyridine complexesy involve either a metal centered or a
ligand centered orbitdf. When the ligand field is strong or the ligand easily be reduced,
reduction occurs through a ligand centered orhital During this process, the reduced form has
a low spin 44 configuration which is inert and the reductiongess is reversib@.*>“. On the
other hand, when the ligand field is weak or tlgarid cannot be easily reduced, reduction
occurs in the metal centered orbital. If this were case, an unstable low spihcdmplex would

be formed giving rise to ligand dissociation ane pinocess will be irreversible.

[Ru" (LL)3]*" + e— [Ru" (LL), (LL)]* 4
[Ru" (LL)3]*" + e— [Ru*(LL)3]" — [Ru*(LL)5]* LL 5
This scenario has never been observed for ruthe@iypolypyridine complexes.

1.7 Mixed Valence Complexes

The Creutz-Taube ion [(NBsRu-(p-pyrazine)-Ru(NB)s]** first synthesized in 1969 was the
first mixed valence complex to be studigd. A key feauture in the Creutz — Taube ion is the
presence of a large separation in the oxidatioenii@ between the first and second metal (0.4
V and 0.76 V) respectively. For the mixed valenoeplex Ru(ll)-Ru(lll) there is a band at

about 565 nm and an intervalence band at 1570 nals@s observed. The mechanism for the
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interaction of the metal centers in a pyrazine deal complex is thought to occur through a
bridged mediated super exchange process rathebthtre overlap of metal orbital¥™. Since
the first report on the Creutz-Taube mixed valecaeplex, was done, pyrazine bridged metal
complexes have attracted a lot of attentioh Most of the research in this field have been
predominantly on the electrochemical and spectnoeted properties of these complexes as well
as the measurements on the degree of delocalizatitime mixed valence complex Ru (l)-
Ru(ll)*>*, By substituting one ammonia by a water molecinigi{e Creutz-Taube ion) resulted
to a slight shift of the intervalence band from @%ifm to 1530 nm. On the other hand, when the
ammonia molecule was substituted with a chlorida pyrazine ion, there was a blue shift in the
Amax of the intervalence band to 1450 nm and 1160respectively”®. The changes in the
energy of the intervalence band have been deschibetms of the effect of substitution on the
barrier of electron transfer. By substituting ammowith a strong field ligand such as chloride
ion, the metal center becomes more difficult tad@e. Increasing the asymmetry of the complex
by replacing one Ru(Ngk moiety by RuCl(bpy), Ru(NQ)(bpy) or Ru(CHCN)(bpy), results

in a blue shift of the intervalence transfer bdhd **. Studies on 4,4-bipyridine bridged
analogue of the Creutz-Taube ion also showed a madiced level of interaction for symmetric
systems with increasing oxidation potential of ththenium centets Meyer et al have studied
the intervalence properties of the Creutz-Taube @ralogue [(bpygCl M-(u-pyrazine)-
MCI(bpy)2]** ( where M = Ru or Os)and have shown that the &démlelocalization in this
mixed valence complex is snfaff. The difference in the oxidation potential of thetals in the
ruthenium dimer is 120 mV and the intervalence dfanband occurs at 1300 nm. For the
[(bpy).Cl Ru-(p-pyrimidine)-RuCl(bpy)®* mixed valence complex, the interaction between the

two metal centers is equal to that of the pyrazimeed valence complex but the intervalence
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transfer band occurs at 1360 fimCalculations on the delocalization of the pyrimélbased
mixed dimer is lower than that of pyrazifie Meyers and Powers have done molecular orbital
calculations on the free ligands (pyrazine andrpitine) and shown that the disparity in the
strength of interaction of these ligands is duethte lowern* level of the pyrazine ligand
compared to pyrimidine.
Dinuclear nuclear ruthenium complexes form thedatgyroup of mixed valence system because
they are cheap and form stable ruthenium (II) artienium (lll) coordination compounéfs.
The study of mixed valence complexes gained aflatttention in 1967 with the publication of
two review articles in 1967 by Allen and HuStand Robin and Da¥y. Robin and Day classified
mixed valence complexes into three main categories:

» Class | complex

» Class Il complex

» Class Illl complex
In a class | complex, there is no electronic coupbetween the two metal centers involved. A
class Il complex has the metal centers weakly aulipdgether. A class Il complex has a strong
coupling between the two metal centers. The naifitee bridging ligand is extremely important
in determining what type of mixed dimer we have.
Electron transfer processes from a ground stasmtexcited state molecule can be rationalized
based on the Marcus thedfyAccording to this theory, the rate constant foredectron transfer
process can be expressed as:
Ko, =vnkel exp(—AG*/RT) 6
Whereuvy, is the average nuclear factor

K.; IS the electronic transmission coefficient and
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AG* is the free energy of activation.

The asymmetric mixed dimers we studied were oxadjzilimers with a charge of +4. Upon
irradiation with a laser, the dimers got oxidizegulting to a new complex with a +5 charge. We
were interested in mixed dimers because we wawot@hhance the possibility of quenching the
excited state. Also by studying the mixed dimer, @@ gain insight into the parameters that
determine the excited state by carrying out eletiemical studies to see how the two metal
centers interact with each other.

Dinuclear complexes of ruthenium had been previostlidied by the Durham’s group and
found to be the best photoinitiators to initiateofanedox reactions. They were found to have a
long lived excited state lifetime compared to thmionomeric counterpart. Symmetric dimers
such as [Ru(bpylliphen(bpy)](PFs)s, [Ru(TAP:diphen(TAP)](PFs)s and the asymmetric
dimer [Ru(bpy)diphen(dmbpy)(PFs)s were studied because they were easy to synthasize

were compatible with biological systems.
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Fig 4: Structure of Ruthenium dimer complexes
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[Ru(bpykdiphen(bpy)Rul**

[Ru(bpy)diphen(dmbpyRu]**

[Ru(dmbpy}diphen(dmbpyRul**
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[Ru(TAP).diphen(TAPYRuU]**
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CHAPTER 2: EXPERIMENTAL
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2.1 Materials

Aluminum oxide, (basic, grade 1, 58 A), lithium etitle anhydrous, 2, 2'-bipyridyl (99%
assays) and 4-nitro-o-phenylene diamine, triphghdsphine flake (99%), glyoxal (40%
w/w aqueous solution), potassium hydroxide pelldg5 %) and hydroxylamine
hydrochloride (96+ %) were purchased from Alfa Aes&ilica gel 60A, (high purity 60 —
200 um) and chloroform were purchased from BDHIladaim, 10 weight % on activated
carbon , 4,4dimethyl 2, 2’-bipyridine, Sp Sephade»25, (strong acidic cation exchanger
bead size 40 - 120um), tetrabutylammonium hexabiploosphate (98%) were purchased
from Sigma Aldrich. Ruthenium (IIl) chloride trihyate which contained 35 — 40 % Ru was
manufactured by Acros Organics. Tetraethylammoniodide purchased from Fluka. Zinc
dust was purchased from Fischer Scientific. 1, WéAanthroline monohydrate was
purchased from GFS Chemicals. Sodium chloride alystnd sand (washed and dried) were
purchased from Mallinckrodt chemicals. Ammonium &itxorophosphate was purchased
from Oakwood product Inc. Pyrazine carboxylic aaid triethylamine N-oxide anhydrous
were purchased from TCI. N, N - dimethylformami@®®.8 % extra dry over molecular
sieves) was purchased from Acros Organics. 2-Msftettvanol was purchased from Alfa
Aesar. Methyl alcohol anhydrous (99%) was purchasaah Acros Organic. Acetonitrile,
dichloromethane, ethyl ether anhydrous, methandltaluene were purchased from EMD.
Dimethylformamide, ammonium hydroxide (28 — 30 %@swpurchased from J.T. Baker.
Ethanol (200 proof) was purchased from Koptec. dwaittile ds (99.8 %) was purchased
from Cambridge Isotope, chloroform d (99.8 + atomDYand methyl sulfoxide (99.8
atom % D) were purchased from Acros Organics. Awiy was purchased from Aldrich

Chemical.
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2.2 Instrumentation

CHI Instruments model 600 C Series Electrochemigalyzer/Work station was used

for cyclic voltammetry

The counter and reference electrodes were madiifiygon wire, whereas the working
electrode was a platinum disc. The platinum disg¢ d@meter of 1.6 mm and an area of 2.0
mn?. In order to avoid artifacts from leakage of a Ki@ked reference electrode a platinum wire
guasi-reference electrode was used in many expetiaad was calibrated against ferrocene. A

saturated Ag/AgCI solution in saturated KCI wasduseall other experiments.

For ESI-MS and MALDI-TOF characterization, an ESk@ruple lon Trap Mass
Spectrometer (ESQUIRE-LC, Bruker Daltonics) and MA{TOF Mass Spectrometer (Reflex
lll, Bruker Daltonics) were used respectively. THELC was equipped with an auto sampler, a
guaternary pump and a variable wavelength detedtoe. sample was pumped to the mass
spectrometer at a flow rate of 0.05 mL/min. Nitnogeas used both as a nebulizing gas and a
drying gas with a flow rate of 12 L / min. The magectrometer was fitted with an atmospheric
pressure electrospray ionization source. The flaig of the mass spectrometer was set at 0.05
mL/min. A 300 MHz Avance | and 400 MHz Avance llrliker Spectrometer with z gradient

and broad band probe was used'fNMR and**C NMR spectroscopy.

UV-Vis spectra were obtained with a Hewlett Pack&8d52 A Diode Array

Spectrophotometer. The data were plotted usingddadt Excel.

Fluorescence spectra were obtained with a Jobim¥aoriba Fluorolog 3 Fluorimeter.
The excitation wavelength was set at 450 nm whettgagmission wavelength was set at 480-

890 nm. Spectra recorded at 77 K were held inexiafly designed dewar with a extended
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bottom which was no silvered. The dewar was helthe spectrometer with a ring stand and
clamps in the sample location as the normal sarhplder which had been removed. The
spectra were recorded as soon as the liquid nitrogthe dewar stopped bubbling. The samples
were held in pyrex NMR tubes and air saturated4:JA(v:v) ethanol/methanol mixture was used

as the glass-forming solvent.

Excited state measurements were obtained by excitaf the samples with the third
harmonic (355 nm) of a Quanta-Ray DCR-1 Nd:YAG tas&ow series of experiments were
performed. In one the samples were held in fllz@ese cuvettes with no attempt to remove
oxygen from the solvent. The samples were prepardthve concentrations very close to 14
MM. The emitted light was directed to monochromatbrough a focusing lens. A
photomultiplier tube (R-765) was used to monitoe #mitted light intensity at 620 nm. The
signal from the photomultiplier was connected tané&y gain amplifier by way of a 10” coaxial
cable. The output from the amplifier was recordehva Lecroy 7200 precision Digital
Oscilloscope. Approximately 100 shots were averdgefre the data was recorded on a PC

interfaced to the oscilloscope.

The emission decay rate constants were obtain€itting the time dependence of the
emission intensity following laser excitation tsiaple first-order rate equation. In general the
signal to noise ratio was very large with almoswisible noise in the averaged signals. A fitting

procedure described previously by Matheson was teseltain the rate constants.
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2.3 Syntheses

[Ru(bpy)2(Cl-phen)](PFe). *

Ru(bpy}Cl,.2H,O (0.5356 g, 1.03 mmol) and Cl-phen (0.2188 g, TibdRol) were combined in

a 100 mL RBF containing 25 mL of a 3:1 (v/v) EtOHJO. The solution was refluxed for 24 hr.

under nitrogen. The solution was cooled to roomperature and filtered. To the filtrate was
added 10mL of saturated solution of MMk to precipitate the product. An orange precipitate
was recovered by vacuum filtration and the produas dried in a desiccator. Yield 0.8842 g,
(94 %). The product was characterized by CV, ESEN[®I]?*, m/z = 313.9) and UV-Vis:

(CH3CN, Amax = 452nm).
[Ru(bpy)2(Cl-phen)]Cl,*
/ Cl

N\

Ru(CO)ClI,Cl-phen (0.583 g, 1.32 mmol), bpy (0.467 g, 2.990‘[)m/

N
and MgNO (0.521 g, 6.95 mmol) were combined and transteto a ‘X N\ \ N |
R
~
N

three neck RBF. To this was added 70 mL of dry 2haweyethanol -~ N/

which was nitrogen purged. The solution was reftlxer 2 hr.,
cooled to room temperature and then filtered. THeate was
concentrated by evaporating the solvent on a rptaal the concentrated solution was added
dropwise to anhydrous ethyl ether. The orange isoluivas kept overnight in a freezer to
precipitate the product which was recovered by uattiltration and dried in a desiccator. Yield

0.6304 g, (68 %). The product was characterize@¥Wynd ESI-MS: ([Mf*, m/z = 313.9).
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5, 5’-Bi-1, 10-phenanthroline (diphen)®

A 100 mL 3-neck RBF was oven dried and purged WithThrough the central neck of the flask

was added NiGl

6H,0 (0.538 g, 2.26 mmol) and PP(2.202 g, 8.40 mmol). Then 20 mL of dry DMF wasled
through a syringe and the resulting blue soluti@s stirred and purged with argon for 30 min.
Zn dust (0.164g, 2.5 mmol) was then added and theure stirred for 3 hr resulting in an orange
solution. Tetraethyl ammonium iodide {(Nt) (0.45 g, 1.75 mmol) and Cl-phen (0.5 g, 1.91
mmol) were then added to the RBF and the solutiored for 14 hr.at 55 °C under Ar. The
resulting reddish solution was transferred to &keewith a solution of 2.16 g of KCN in 70 mL
of 10 % aqg. NH solution. A grayish green precipitate which resdltvas stirred for 30 min and
then filtered. The precipitate was then washed Wwékane (2 X 100 mL) and then recrystallized
in methanol. Recrystallization was done by dissgvihe crude product in a small amount of
methanol and warming the solution. At this poirgnaall amount of toluene was added and the
solution was further heated gently until clear. Bodution was then allowed to slowly cool to
room temperature in a flask wrapped with a papeetoYield 0.272 g, (74%). The product was
characterized byH-NMR (300 MHz, CDC}) § (ppm): 7.49 (2H, dd), 7.75 (2H, dd), 7.78 (2H,

dd), 7.96 (2H, s), 8.33 (2H, dd), 9.24 (2H, ddB19(2H, dd).and ESI-MS. (M H]m/z = 359.1)
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[Ru(bpy).diphenRu(bpy).] (PFe)s ™
A 100 mL 3-neck RBF was oven dried and purged | X
w/Ar. Through the central neck of the flask w@‘/(Nj
added NiCJL.6H,O (0.1524 g, 0.641 mmol) an%
PPh (0.5587 g, 2.13 mmol). Then 20 mL of dry =

DMF was added through a syringe and the resulting Bolution was stirred and purged w/

argon for 30 min. Zn dust (0.0405g, 0.619 mmol) wesn added and stirred for 3 hr resulting in
an orange solution. Tetraethyl ammonium iodide;NBt (0.137 g, 0.534 mmol) and [Ru
(bpy)k(Cl-phen)] (Pk)2 (0.490 g, 0.534 mmol) were then added to the RB# the solution
stirred for 14 hr. at 55 °C under Ar. The solutiwwas allowed to cool to room temperature and
filtered. To the filtrate was added 10 mL of satedaNH,PF; to precipitate the product. Further
dilution was carried out with DDI water to obtairakimum precipitate of product. The orange
product was recovered by vacuum filtration and dr@esd in a desiccator. Yield 0.787 g, (84 %).
The product was characterized by ESI-MS ({Min/z = 296.5), CV and UV-VIS (GEN, Amax

=452nm).

[Ru(CO).Cly], ™

RuCk.3H,O (1.01 g, 3.87 mmol) was transferred to a 100 nBIERTo this was added 50 mL of
a 1:1 (v/iv) concentrated HCI/HCOOH solution. Thduson was refluxed for 24 hr. under
nitrogen atmosphere. The resulting yellow solutwas vacuum filtered and the filtrate was
heated on a hot plate to evaporate solvent. Thdtireg yellow product was collected and

allowed to cool to room temperature. Yield 0.87479, %).
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[Ru(CO).Cly(Cl-phen)] *®

[Ru(COXClIy], (0.464 g, 2.03 mmol) was dissolved in 60 mL of hot A

co
Cl |/ N/ ~co
2-methoxyethanol and filtered to remove impurit@sphen (0.553 /R\u\
Z N Cl
g, 2.58 mmol) was also dissolved in 20 mL of 2-rogtlethanol at ) cl

room temperature while stirring. The Cl-phen santwas combined with the [Ru(C&Q),],
solution and boiled on a hot plate to concentita¢esblution. The concentrated solution was then
kept in a freezer at -28 to precipitate the product. The reddish browrcipitate was recovered

by vacuum filtration and dried in a desiccator.|¥i@.700 g, (78%).

6-Nitroquinoxaline ™

1,2-diamino-4-nitroquinoxaline (1g, 6.529 mmol) a4@ % glyoxal (2.273 g, /@N]
39.1 mmol) were combined and transferred to a RBRthis flask was addedNO; SN

25 mL of ethanol. The solution was heated t8C7%or 1 hr. and then stirred overnight. An
orange precipitate was recovered by vacuum fiimtiwashed with ethanol and dried in a
desiccator. Yield 0.857 g, (75%). The product wharacterized byH-NMR (300 MHz, @-
DMSO0) (ppm): 8.35 (s, 1H), 8.1 (d, 1H), 7.78 (d, 1HR¥(dd, 1H), 7.51 (d, 1H) and GC/MS

=175.

5-Amino-6-Nitroquinoxaline

6-Nitroquinoxaline (3.5 g, 20 mmol), hydroxyl amimgdrochloride (8.2 g, _N

]

120 mmol) was dissolved in 200 mL of ethanol in0® SnL RBF. Potassiurrsz/@N
NH,

hydroxide (16.4 g, 300 mL) was placed in a 150 neker and dissolved in
80 mL of ethanol and added dropwise to the RBF4fdw.while stirring. The resulting brown

solution was then stirred at room temperature @omén and poured into a beaker containing 500
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g of ice. The solution was refrigerated overnighd diltered to give a yellow brown precipitate.
This was then loaded on a short alumina column @uoted with methylene chloride. The
product was recovered by rotary evaporation to giyellow solid. Yield 1.190 g, (31.3%). The
product was characterized By-NMR (300 MHz, @-DMSO0) § (ppm): 9.1 (d, 1H), 8.9 (d, 1H),

8.9 (d, 1H), 8.5 (br s, 2H), 8.3 (d, 1H), 7.151#), 7.15 (d, 1H). ESI-MS ([M H] m/z = 191).

5,6-Diaminoquinoxaline™

5-amino-6-nitroquinoxaline (0.76 g, 4 mmol) was eddo a 100 mL 2- /N]

neck RBF under nitrogen. Pd / C 10 % (0.24 g) wss added foIIowedNHZ/<NE:\N

by the addition of 60 mL of ethanol dropwise. 2 oflhydrazine monohydrate was finally added
and the solution was heated to ®D for 2 hr. The resulting red solution was thetefiéd and
needle like product was obtained by evaporatingfittrate under vacuum Yield 0.567 g, (88.7
%) The product was characterized BiyNMR (300 MHz, ¢-DMSO) & (ppm): 8.5 (d, 1H), 7.25

(dd, 2H), 5.25 (d, 1H), 3.5 (br s, 4H).ESI-MS: (IM*, m/z = 161).

TAP (1,4,5,8-tetraazaphenanthrene¥
5, 6-diaminoquinoxaline (0.1 g, 0.625 mmol) and’4@lyoxal (0.288 g, 4.968 mmol)

~ N
were transferred to a 25 mL RBF and 5 mL of EtOHsvealded. The RBF Wa$l| -~

refluxed for 1 hr. at 61C and then cooled to room temperature. The crudéuat was N

l/N

purified on an alumina column using chloroform ks eluent. The brownish yellow

product was obtained by evaporating the yellowtioacYield 0.105 g, (92%). The product was
characterized byH-NMR (300 MHz, ¢-DMSO) & (ppm): 9.19 (d, 2H), 9.1 (d, 2H), 8.35 (s,
2H). 3C-NMR (300 MHz, ¢-DMSO) § (ppm): 146.5, 145, 144.4, 141 and 131.9. ESI-ME: (

H]*, m/z = 183).
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Ru(TAP),(Cl-phen)](PFs)2*

[Ru(CO)CIy(Cl-phen)] (0.2915 g, 0.6586 mmol), TAP (0.272 g, =
2 NS
1.495 mmol) and M@NO (0.2605 g, 3.473 mmol) were combinedN/w N |
N\ {/N\
and transferred to a three neck RBF. To this wale@®5 mL of _ N/R \\N/ I
N N

dry 2-methoxyethanol and the solution was purgeith witrogen NQ [/
for 10 min. The solution was refluxed for 2 hr. enditrogen S

atmosphere. Aqueous NPk solution was added to the hot solution and alloteedool down

to room temperature. The solution was filtered #mal filtrate was evaporated under reduced
pressure. The solution was added dropwise to cariO0f anhydrous ethyl ether to precipitate
the product. The product was recovered by vacultnatfon and dried in a dessicator. Yield

0.5390 g, (84.4 %). The product was characterizeB®-MS: ([MJ**, m/z = 339.9)
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[RUu(TAP) .diphenRu(TAP),](PFeg)4 ™

A 100 mL 3-neck RBF was oven dried and purged w/Tarough the central neck of the flask
was added NiGI6H,O (0.1452 g, 0.611 mmol) and PRB.535 g, 2.04 mmol). Then 20 mL of
dry DMF was added through a syringe and the regpltiue solution was stirred and purged w/
argon for 30 min. Zn dust (0.038g, 0.581 mmol) Wen added and stirred for 3 hr resulting in
an orange solution. Tetraethylammonium iodide ;NBt (0.1308g, 0.508 mmol) and
Ru(TAPX(Cl-phen)](Pk)2 (0.200 g, 0.206 mmol) were then added to the RiFthe solution
stirred for 14 hr. at 55 °C under Ar. The solutias allowed to cool to room temperature,
filtered and to the filtrate was added saturated,;® solution to precipitate the product. The
orange brown product was recovered by vacuum tittnaand dried in a desiccator. Yield

0.1888g (52%). The product was characterized bya@¥ESI-MS: ([Mf*, m/z = 322.5).
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[Ru(dmbpy).Cl-phen](PFs),”

[Ru(CO)Cly], (0.507 g, 2.223 mmol) was dissolved in 50 mL of

hot 2-methoxyethanol. Cl-phen (0.534 g, 2.488 mmai} also f |
AN N | AN
: : ) |
dissolved in 5mL of 2-methoxyethanol at room terapge and /N\A /N Cl

the two solutions were combined and heated forcat shhile.

To the boiled solution was added 30 mL of 2-metlsdlgnol.

The solution was nitrogen purged for 35 min. Fyaldmbpy
(0.856 g, 4.646 mmol) and M¥O (0.846 g, 11.26 mmol) were added and the salutvas
refluxed for 2 hr. under nitrogen atmosphere. Téslting dark red solution was filtered and to
the filtrate was added ag. MPF;. The solution was then concentrated by evapordtiagolvent
under vacuum and was added to 300 mL of ethyl ethkydrous to precipitate the product. The
orange product was collected on a filter paperwaauum filtration and dried in a desiccator.

Yield 3.3515 g, (77.4%). The product was charazeetiby CV and ESI-MS: ([M[, m/z = 342).

[Ru(dmbpy).diphenRu(dmbpy),(PFs)s*

[Ru (CO)YCIy], (0.042 g, 0.184 mmol) was dissolved in 15 mL df Zxanethoxyethanol. Diphen
(0.058 g, 0.162 mmol) was also dissolved in 2-meghthanol at room temperature and
combined with the previous solution. The combinellitson was then heated on a hot plate to
concentrate the solution and was added to a 3 R8kcontaining 30 mL of 2-methoxyethanol
which was argon purged for 30 min. Finally, dmbpy065 g, 0.352 mmol) and MO (0.076

g, 1.012 mmol) were added and the solution wasixedl for 2 hr. under nitrogen atmosphere.
The resulting dark red solution was filtered andthe filtrate was added aq. WPFs. The
solution was then concentrated by evaporating ¢iest under vacuum and was added to 300

mL of anhydrous ethyl ether to precipitate the piid The orange product was recovered by
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vacuum filtration and dried in a desiccator. Yieldl33 g, (38.5%). The product was

characterized by CV and ESI-MS: ([M1] m/z = 324.4)

N\ 7/ \ 7/

[Ru(CO).Cl, dmbpy] *

CHs
[Ru(CO)XCly], (0.464 g, 2.03 mmol) was dissolved in 60 mL of bt X
methoxyethanol. Dmbpy (4,4’ -dimethyl, 2,2’-bipynigi) (0.475 g, 2.58 mmol)N_— N\?O co

7/

Ru.
was also dissolved in 20 mL of 2-methoxyethanotoam temperature while =~y L, ¢

stirring. The two solutions were combined and h:ate a hot plate to ca 5mML~X
The concentrated solution was stored overnight mefagerator at -18C to CHs
precipitate product. The product was recovered &guum filtration and dried in a desiccator.

Yield 0.700g, (84%). The product was characteribgdH-NMR (300 MHz, @-(CD3),CO) &

(ppm): 2.64 (6H, s, Ch), 7.66 (2H, d, B°), 8.54 (2H, s, Ft*) and 9.06 ppm (2H, d,%).

[Ru(dmbpy)2(CO)2](PFe)2. H2O ™
[Ru(dmbpy(CO)Cl,] (0.151 g, 0.37 mmol) and dmbpy (0.081 g, 0.44 ®mere weighed and

transferred to a 250 mL RBF. To this flask was adti®0 mL of a 3:1 (v/v) MeOH / 0 and
the solution was refluxed for 24 hr. The solutioasvthen allowed to cool to room temperature
and filtered. To the filtrate was added 10 mL duisated NHPF; to precipitate the product. The

orange product was recovered by vacuum filtratioh \@as dried in a desiccator. Yield 0.2715 g,
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(88%). The product was characterizeddyNMR (300 MHz, ¢-(CDs),CO) 8 (ppm): 2.56 (6H,
s, CHy), 2.76 (6H, s, CHl), 7.49 (2H, d, ), 7.65 (2H, d, 8, 7.94 (2H, d, F), 8.70 (2H, s, B),

8.76 (2H, s, ) and 9.28 (2H, d, #).

Ru(dmbpy).diphenRu(bpy).(PFs)4*

[Ru(dmbpy}(CO)](PFs)2.H2O (0.8652g, 1.0 mmol), [Ru(bpgiphen](Pk). (1.2738 g, 1.2
mmol) and MeNO (0.2253 g, 3.0 mmol) were weighed and transtemé a 150 mL RBF. To
this was added 70 mL of 2-methoxyethanol. The smuivas refluxed for 2 hr. under nitrogen
atmosphere. Saturated M was added unto the hot solution and allowed td down. Red
orange solution was concentrated and added drap taigpprox. 300 mL of anhydrous diethyl
ether to precipitate product. Red orange produst eaovered by vacuum filtration and dried in
a desiccator. Yield 1.6188 g, (89 %). The produas wharacterized by CV and ESI-MS: (ff]

m/z = 310.5).

\ /7 \ 7
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[Ru (bpy)diphen](PF)2™

Ru(bpy)}Cl,.2H,O (0.2603 g, 0.50 mmol) and diphen z

X
S N

/N\Lu/
50 mL RBF. To this was added 12.5 mL of a 3: 1)(v/v/ N// AN

\
(0.2150 g, 0.60 mmol) were weighed and transfeinrtxa \

I
EtOH / HO. The solution was refluxed for 24 hr. Thax N

L

solution was filtered and to the filtrate was addmsgl
NH4PFs to precipitate product. The orange product wasiobt via vacuum filtration and dried
in a desiccator. Yield 0.4778 g, (90%). The prodwets characterized by CV and ESI-MS:

(IM]%*, m/z = 385.9)

[Ru(bpy).CO3"

Ru(bpy}Cl,.2H,0 (2.0 g, 3.85 mmol) was added to a 250 mL
RBF and dissolved in 150 mL of DDI water while sfhg.

Sodium carbonate (6.6 g, 62.3 mmol) was added éed
solution was refluxed for 2 hr. The heat was turoéfcand the
solution was allowed to cool slowly overnight.Tharkd red solution was vacuum filtered and
black needle like solid was collected. It was waskeveral times with water, isopropanol and

anhydrous ethyl ether and dried in a desiccataldYd.9870 g, (54%).

[Rl.l(bpy)2C|2.2H20]76
RuCk.3H,O (7.80 g, 29.8 mmol), bpy (9.36 g 60 mmol) andIL{&4 g, 197.6

N
mmol) was weighed and transferred to a 100 mL RRFthis was added 50 mL \AQU<C|
e
: . Z N Cl
of DMF and the solution was refluxed for 18 hr. Hwution was then allowe < ,\ll
to cool down to room temperature and filtered. Blaek product was recovered | %
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by vacuum filtration, washed with ethyl ether anBIDvater and dried in a desiccator. Yield

13.0 g, (84%). The product was characterized bya@¥ UV-VIS (CHCN, Anax = 540 nm)

[Ru(dmbpy).CO3]”

[Ru(dmbpy)}Cl, (1.717 g, 3.18 mmol) was placed in a 150 mL

RBF and dissolved in 80 mL of DDI water while stg.
Sodium carbonate (6.00 g, 56.68 mmol) was also chdde the
solution was refluxed for 2h. The heat was turnédaad the

solution was allowed to cool slowly overnight.Tharkl red

solution was vacuum filtered and black solid wafected. It
was washed several times with water, isopropand| amhydrous ethyl ether and dried in a

desiccator. Yield 1.6084 g, (96%).

[Ru(dmbpy).Cl,.2H,0]”
RuCk.3H,O (4.30 g, 16.5 mmol), dmbpy (7.08 g, 38.5 mmolj &rCl (5.5

g, 42.5 mmol) was weighed and transferred to ariQRBF. To this was

mL Erlenmeyer flask. The solution was kept overhighthe refrigerator.

The dark brown solid was collected by vacuum fiitna, washed with
anhydrous ethyl ether and dried in a desiccatonrdéter to remove the last traces of DMF, the
solid was suspended in 100 mL of ethyl ether armdysirand then recovered by vacuum

filtration. This procedure was repeated until agopiroduct was obtained. Yield 9.054 g, (95%).
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4,4’-dicarboxy-2,2’-bipyridine ”®

4,4'-dimethyl-2, 2-bipyridine (4.926 g, 26.7 mma¥as weighed o O Q on
and transferred to a 100 mL RBF. To this was adgieanL of 7\ -
concentrated sulfuric acid. Chromium oxide (8.048@5 mmol)

was added in 0.2 g portion to keep the temperatisethan 70C. The solution was allowed to

stir until it had cooled to 30C. The solution was poured over 500 g of crushedTte product

was recovered by vacuum filtration and allowedrpid a desiccator. Yield 4.5604 g, (70%).

4,4'-diethoxycarbonyl-2,2’-bipyridine™
4,4'-dicarboxy-2,2’-bipyridine (2.9649,12.15mmolpw weighed

@)
and transferred to a 1L RBF. To this were added Q®f 200 —/

proof pure ethanol and 5 mL of concentrated sudfagid. The
solution was refluxed for 80 hr. under nitrogen @sphere. The precipitate was obtained by the
addition of 400 mL of DDI water. The product wasaeered by vacuum filtration and dried in a
desiccator. Yield 2.85 g, (78%). The product waarabterized byH-NMR (300 MHz, CDC})

5 (ppm): 8.77 (s, 1H), 8.69 (d, 1H), 7.73 (d, LHR&(q, 2H), 1.26 (t, 3H).

2, 2’-bipyrazine ¥

2-pyréz-ine carboxylic acid (12.5 g, 1(.)1 mrf]ol) V.\lé:ﬁBdNed in c'-:l beakerﬂ/,\];wj{)
containing 100 mL of 15 M ammonia while stirringhd solution was “>N N=

heated to dryness under vacuum in a rotatory eeamorThe resulting white solid was added to
500 mL of aqueous copper (ll) acetate solution stitded for 1 hr. The resulting blue solution
was filtered giving a blue precipitate which wagdrin an oven. The blue solid was pyrolysed

at 253C in a sublimator. The ligand was collected from ifner tube of the sublimator and was

washed with anhydrous ethyl ether and dried insacdator. The crude product was purified by
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column chromatography using silica gel 60 as treodient and DCM / THF (v/v: 20:1) as the
eluents. Yield 1.005 g, (6.3%). The product wagsatizrized byH-NMR (300 MHz, CDC}) &

(ppm): 9.59 (1H, s), 8.64 (1H, s).

[Ru(bpz)s](PFe)2 *
RuCk.3H,O (0.0108 g, 0.0413 mmol), bpz (0.0282 g, 0.178

. . Z
mmol) were weighed and transferred to a 10 mL mvenee vessel N/W

\Z//—\\
v

N N u/N\
containing 7.5 mL of ethylene glycol. The suspenswas R
g y gly p / \\N - |
microwaved at 200°C for 30 min. The suspension was the‘ Z ])\/N
\

allowed to cool down to room temperature and #teto remove
unreacted RuGI3H;O. To the filtrate was added 5 mL of saturated,RIH to precipitate the
product. The orange product was recovered by vadiltration and dried in a desiccator. The
crude product was purified by column chromatograpising alumina as the absorbent and
acetonitrile as the eluent. Yield 0.0322 g, (90%he product was characterized By-NMR

(300 MHz, CDC}) 5 (ppm): 9.59 (1H, s), 8.64 (1H, s) and UV-VIS (§3N, Amax = 450 nm)

[Ru(bpy)s](PFs)2"
Ru(bpy}Cl, (0.013 g, 0.02 mmol) was dissolved in a 250 mL RBF Z
A

7
containing 150 mL EtOH / #D (v/v : 1: 1). The solution was heat d\ |N
for 30 min under nitrogen atmosphere. Bpy (0.09.§,/6 mmol) /

was then added and the solution was refluxed ogetniThe

solution was then allowed to cool to room tempemtand filtered.
To the filtrate was added 5 mL of saturated ;RR to precipitate the product. The orange
product was obtained via vacuum filtration, washeéth 10 mL of HO, 2 x 10 mL of 2-

propanol and 2 x 25 mL of ethyl ether anhydrouse ample was dried in a desiccator and

44



purified by column chromatography using aluminaresadsorbent and GBN / CHCI, (V/V:
1: 10) as eluents. The product was characterizétHdyMR (300 MHz, CRCN) 5. (ppm): 8.49

(d, 6H), 8.05 (t, 6H), 7.72 (d, 6H), 7.39 (t, 6H)ECV.

[Ru(Cl-phen)]Cl, *
RuCk.3H,O (1.00 g, 3.82 mmol) and Cl-phen (0.838 g, 3.91 afimvere cl
weighed and transferred to a 50 mL RBF. To this added 5 mL of 1M HCI N
CHO
drop wise while stirring. The mixture was furthdirred to ensure that all _N\ /N—
Ru
unreacted solid had dissolved. The RBF was theledead allowed to stand CI// |\CI
Cl Cl

for 7 days in the dark. The suspension was filtened black product was collected and washed

with anhydrous ethyl ether and dried in a desiacateld 1.5732 g, (90%).
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CHAPTER 3: RESULTS
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3.1 Synthesis and Basic Characterization

Investigation of the electronic coupling was pudsu@rough the synthesis and extensive
characterization of three dinuclear ruthenium caxes. The dinuclear complex (bgu
diphen Ru(bpyf** was the initial focus of the investigation. Thenmexes (dmbpyRu diphen
Ru(dmbpy}** and (bpyiRudiphen(dmbpyf* were synthesized as a control and as a comparison

to a complex containing two distinctly differentioex centers, respectively.
3.2 Synthesis and Characterization of [(bpyRudiphenRu(bpy).](PFe)4

This dimer was synthesized by modifying the protazbToyota et al®. The complex cis-
Ru(bpy)Cl, was prepared as previousifdescribed. This complex was reacted with 7-
chlorophenanthroline by simple reflux in ethanokeva to produce [(bpyRu(7-
chlorophenanthroline)](R.. Two mononuclear complexes were combined by aehicupling

reaction in moderate yield.

The scheme for this synthesis is illustrated below.

% Cl
NN

= |N N |

XN N

_ 3:1 EtOH / H20 ~ / N
Cis. Ru(bpy)C|2Hzo + reflux ' RL/
7 N/
|
AN

Scheme 3.2.1Synthesis of [Ru(bpy{7-chlorophenanthroline)](R)]
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NiCl,.6H,0

Cl PPh
z DMF
= N Et,NI
' N | 55°C, Ar, 14 hr
P ST
N \ N7
. N
g

Scheme 3.2.2Synthesis of [(bpygRudiphenRu(bpy)(PFs)4

The product was purified by column chromatographth WCH;CN / MeOH as the eluent and
alumina as the adsorbent. Identity of the intermiedi and the final product was confirmed by

NMR, mass and UV/Vis spectroscopy.

Of the three dimers described in this dissertatjspy),RudiphenRu(bpy](PFs)4 is the most
thoroughly characterized. Several of the intermtedi are common to the other two dimeric
complexes. [Ru(bpy{Cl-phen)](Pk). was a key intermediate in several of the pathwalse
mass spectrometry results are perhaps the mostafive. Figures 3.2.1 and 3.2.2 show mass
spectrometry obtained using a MALDI TOF instrumant an electrospray-based instrument.
The two different ionization methods yield diffeteresults and is consistent with previous
reports. Specifically MALDI-TOF generally producssgly charge ions with complexes such
as the one sunder investigation. In the preses¢ tdae MALDI-TOF spectrum shows a very
clean major ion at M/Z = 629.97 with an isotopistdbution consistent with a charge of one
(peaks separated by 1) in the presence of onemiuting7 naturally occurring isotopes) and one
chloride (2 naturally occurring isotopes). Thectlespray-based spectrum is consistent with a
charge of two (peaks separated by 0.5) with theggpiate isotopic splitting. The masses in

both cases agree with the monoisotopic mass ofotegetructure for the +1 and +2 ions, M/Z =
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628.07 and 314.03, respectively. In both caseslabed spectra match the actual spectral within

experimental expectations.

The NMR spectrum shown in Figure 3.2.3 is very clammnd substantially more difficult to

interpret. However, the singlet at 8.32 ppm isiddive for the proton at carbon 5 of Cl-phen
and overall integration agrees with the presencenef Cl-phen. Figure 3.2.4 shows the UV/Vis
absorption spectrum of the complex in acetonitrilhe major peak at 450 nm with a should at
higher energy is typical of ruthenium(ll) complexamtaining three polypyridine ligands. The

peak has been assigned to a MLCT transition.

The intermediate complex [Ru(bpgl)phen](Pk), was also characterized by electrospray mass
spectroscopy which is shown in Figure 3.2.5. Taeept ion with M/Z = 385.9 agrees with the
expected monoisotopic M/Z = 285.05. The isotopatridbution of a complex containing one
ruthenium atom is clearly evident. In this someliadnal peaks were also present in the
spectrum. The peak at M/Z = 296 is due to a srmathount of the dimer
[(bpy):RudiphenRu(bpy]**. The peak at M/Z = 359 lacks the ruthenium isimtatistribution

and therefore does not contain ruthenium.

The *H-NMR and the®*C-NMR are shown in Figures 3.2.6 and 3.2.7, re$pslgt and are

consistent with the assigned structure.

The electrospray mass spectrum of the final prodidispy)y,RudiphenRu(bpy]** is shown in
Figure 3.2.8. The spectrum shows a clean majdt peatered at 296.3 which is consistent with
an ion with Z = 4. The isotopic distribution is @lsonsistent with the +4 charge and the presence
of two ruthenium atoms. Th&H-NMR, illustrated in Figure 3.2.9 is very complexd is

provided only for comparison to other samples amdré reference. The UV/Vis absorption
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spectrum is shown in Figure 3.2.10 and is esséntadntical to the spectrum of the monomeric

intermediates as expected.
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Figure 3.2.1.Maldi TOF Spectra of [Ru(bpy¢l-phen](Pk).
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Figure 3.2.2.ESI-MS spectra of [Ru(bpy¢I-phen](Pk)2

53



lgt]@s. 313.7
4
&
5]
o
100 150 200 250 300 350 400 450 500/z
I%tﬁs. 3:13_7
4 ||
| 314.7
3] | A
| I
3;3,3| |_|
21 Wil I
| 1| 342
i 5
] 3r12.;3|r.1.,2’|4'. M| 315.3%“6
I‘| I| [ (1 Il |
310.7 311.7(| '| I|I | | IR Il | / I'. | III
308 310 312 314 316 318 320 miz

54



Figure 3.2.3.*H-NMR of [Ru(bpy}Cl-phenf* in ds-acetonitrile.
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Figure 3.2.4.UV-Vis Absorption of [Ru(bpyCl-phen](PE), in acetonitrile.
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Figure 3.2.5.ESI-MS spectra of [Ru(bpyiphenf*
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Figure 3.2.6."H-NMR of [Ru(bpy}diphenf*in ds-CDsCN .
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Figure 3.2.7.2°C-NMR of [Ru(bpy}diphenf" in ds-CDsCN.
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Figure 3.2.8.ESI-MS spectra of [Ru(bpydiphen(bpyiRu]**
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Figure 3.2.9.'"H-NMR of [Ru(bpy}diphen(bpy)Ru]** in acetonitrile.
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Figure 3.2.10.UV-Vis absorption of [Ru(bpyiliphen(bpy)Ru]** in acetonitrile.
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3.3 Synthesis and Characterization of (dmbpyRudiphenRu(dmbpy),](PFe)4

The procedure described above for the synthedi®p§).Ru diphen (bpy]** was unsuccessful.
To overcome this difficulty, a different scheme wased based on a well-documented

decarbonylation reaction described by Thomas %t al

=
| [Ru(CO),ClIn
N diphen N
2 6 eq. MgNO =
2-methoxyethanol> N
7 N reflux for 2h under _
| N2
X

Scheme 3.3.1Synthesis of [(dmbpyRudiphenRu(dmbpy)(PFs)

The product was characterized by electrospray mpestroscopy and the spectrum is shown in
Figure 3.3.1. Unfortunately, the spectrum is daated by a parent peak at M/Z = 185. The
peak, however, is not associated with the charatiteisotopic distribution of ruthenium and,
therefore, is not significant in the investigatialescribed in this dissertation. The expected peak
for the dimeric product is evident at M/Z = 324.%he calculated monoisotopic M/Z = 324.2.
Mass spectrum also reveals an impurity containutgenium with a similar M/Z. In this case
the impurity has been identified as a monomeribenium complex with as yet to be determined

structure.
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Figure 3.3.1ESI-MS spectra of [Ru(dmbpyiphen(dmbpyRu]**
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3.4 Synthesis and Characterization of [(bpyg)RudiphenRu(dmbpy).](PFs)4

The dinuclear ruthenium (1) complex, [Ru(dmbsgiphen(bpy)]** was synthesized a by
combining the two monomeric complexes, Ru(dmbi@®),]>" and [Ru(bpyydiphenf’, in a

decarbonylation reaction.

[Ru(dmbpy),(CQ)2] (FFg)2-H20
3 eq. MgNO
2-methoxyethanol

reflux for 2h under
N

Scheme 3.4.1Synthesis of [(bpygRudiphenRu(dmbpy)(PFs)4

The final product of the synthesis was charactdriag electrospray mass spectromeifie
spectrum is shown in Figure 3.4.1. The spectruncatds the complex is contaminated with
both symmetric dimers but does contain the desmediuct. This was a consistent result
independent of the method of preparation. At thes@nt time there is a question about the
validity of the mass spectrometry in this applicatiBased on the fact that identical results were
obtained with a variety of samples it is possiliiattscrambling of ligands is occurring in the

mass spectrometer. Further research will be requo determine whether or not this is the case.
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Figure 3.4.1.ESI-MS spectra of [Ru(bpydiphen(dmbpyRul]** in acetonitrile
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3.5. Intervalence Charge Transfer Studies of [Ru(bp).diphen(bpy),Ru]**

Although difficult to observe, intervalence tranmsiands are central to the theoretical treatments
of electron transfer in covalently linked complex&dith this in mind, visible absorption spectra
of [Ru(bpykdiphen(bpy)Ru]** under the condition expected to produce an intenee transfer
band were recorded over the limits of the availablkrumentation. In these experiments a
strong oxidizing agent ceric ammonium nitrate ((9E(NG;)s) was used to partially oxidize the
dimer to the mixed valence state, i.e. Ru(ll)-Ri)i(INo new bands were observed as indicated

by the spectra shown in Figure 3.5.1.
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Figure 3.5.1. Titration of [Ru(bpy)diphen(bpy)Ru]** with Ce(lV) ions in 0.5 M TFA

acetonitrile solution.
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3.6 Fluorescence emission studies of Ru (II) Dimeend Monomers

Emission spectra of dinuclear and mononuclear cexagsl were recorded at 77 K in a frozen
glass consisting of (v/v) (4:1) ratio of EtOH /MeONo attempt was made to exclude air. This
experiment was done at low temperature in ordewoltain sharper emission peaks with

measurable differences in the maximum for the vericomplexes.

Table 3.6.1: Summary of the emission spectra maxima obtainett thie indicated Ru(ll)

complexes at 77 K in ethanol/methanol glass exa@tetb0 nm.

Ru(ll) complexes Absorbance  Amaxemission (nm)
[(bpy).RudiphenRu(bpy]** 0.20685 606
[(dmbpy):RudiphenRu(dmbpy)** 0.20187 625
[(bpy).RudiphenRu(dmbpy)** 0.20074 618
[Ru(bpy)(Cl-phen)f* 0.20576 612
[Ru(dmbpy}]** 0.20267 629
[Ru(bpy)]** 0.20432 609

80



Figure 3.6.1.Emission spectra of [(bpyRudiphenRu(bpy]*,

[(dmbpy)RudiphenRu(dmbpy)** and [(bpylRudiphenRu(dmbpy)** recorded at 77 K in
ethanol/methanol frozen glass. The upper panel stiogthree spectra. The lower panel shows a
comparison of the spectrum of [(bpRudiphenRu(dmbpy)** with the sum of the spectra of

[(bpy)zRudiphenRu(bp)é]‘“, [(dmbpy)gRudiphenRu(dmbpy)‘“.
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The emission spectra recorded at 77 K all shovekpected major peak and low energy
shoulder normally associated with Ru(bf3}) In these cases the emitting state is the loregi
triplet state and the shoulder has been assignedbestional component of that state. It is
important to note that the dimeric complexes hanession spectra which are very similar to the

monomeric complexes. The only difference are maxima

The lower panel of Figure 3.5.2 shows a comparisain the spectrum of
[(bpy).RudiphenRu(dmbpy)** with the sum of the spectra [(bpRudiphenRu(bpy]** and
[(dmbpy)RudiphenRu(dmbpy)**. The summation spectra were created using Exezelhal:1l
ratio of the two emission spectra. The resultshef Summation are nearly superimposable with
the spectrum of the mixed dimer suggesting that itigividual ruthenium centers emit

independently at 77 K.
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Figure 3.6.2Emission spectra of [(bpyRudiphenRu(bpy]*”,

[(dmbpy)RudiphenRu(dmbpy)**,[(bpy).RudiphenRu(dmbpy)**,[Ru(bpy)]**and

[Ru(dmbpy}]** in air saturated acetonitrile at 22.
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As expected the room temperature spectra of theusruthenium(ll) complexes are
significantly broader at higher temperatures arel \tbration-related shoulder is just barely
visible. The maxima are clearly defined and shbat the mixed dimer emits at a wavelength
midway between the two symmetric dimers in keeparily the low temperature observations.
The emission spectra are consistent with the ekc#ate picture currently accepted for
Ru(bpy)®" and show no indication of a deviation from the debr of the monomeric
complexes, i.e., the ruthenium centers in the dor@mplexes appear to behave as monomeric

units.
3.7 Excited-State Lifetime Measurements

The  excited-state lifetimes of the following ruthem (lI) complexes
Ru(bpyxdiphen(bpy)Ru]**,[Ru(bpykdiphen(dmbpyRul** [Ru(bpy)diphen(dmbpyRu]**,
[Ru(bpyk(Cl-phen)f* and [Ru(dmbpy)(Cl-phen)f* were determined in air saturated acetonitrile
solutions. The results show a striking similarity the excited state lifetimes and provide no
indication of additional decay pathways for thelet excited state of the individual ruthenium

centers.

A more detailed temperature dependence of the J{BmgiphenRu(bpy]** was also
performed. In this case the samples were dissdlvedetonitrile, freeze-thaw-pump degassed
and sealed in glass tubes. The observed rateattgastere plotted as a function of temperature

in an Arhenius plot and fitted to the equation d&sed in chapter 1.
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This equation was previously reported by Allsoppaktand used to describe the temperature

dependence of the excited state lifetime of [Ruf§jpl in acetonitrile. The manual fitting

procedure provided the value of three parametgrs; k = 6.0 x 16, A = 4.0 x 16* andAE =

50100 kJ/mol with [(bpyRudiphenRu(bpy)*". Allsopp et al reported 6.3 x 3.9 x 18*

and 50300 kJ/mol, respectively for [Ru(bg}.

Table 3.7.1 Excited State Lifetimes for the indicated Ru(dpmplexes in air saturated

acetonitrile solutions at 2Z.

Ru(ll) complexes First-Order Rate Constant  Lifetifhé), nsec
[(bpy):RudiphenRu(bpy]** 7.45x 16 134
[(dmbpy)yRudiphenRu(dmbpy)** 8.43 x 10 118
[(bpy).RudiphenRu(dmbpy)** 7.95x 16 125
[Ru(bpy)(Cl-phen)f* 7.16 x 16 139
[Ru(dmbpy}(Cl-phen)]** 7.75x 16 129

87



Figure 3.7.1. Transient Emission decay plots obtained with Ruyhghen(bpyiRul*",

[Ru(bpy)diphen(dmbpyRu]**,[Ru(bpy)diphen(dmbpyRu]**,[Ru(bpyk(Cl-phen)f”,

[Ru(dmbpy}(Cl-phen)f* and [Ru(bpyj]** in air saturated acetonitrile solutions.
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Figure 3.7.2. The temperature dependence of the emission decty canstants of
Ru(bpy)diphen(bpy)Ru]** in acetonitrile ¢). Solid line is the theoretical fit based on the
equation kps = ky + k +Aexp(AE/RT) where k + k = 6.0 x 16sec’, A = 4.0 x 18*sec! and

AE =50100 kJd/mol.
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3.8 Electrochemical Studies

The electrochemistry of ruthenium(ll) polypyridisgstems have been studied extensively and
have been shown to be very well behaved. For elangme electron oxidations of most
complexes generally show reversible cyclic voltartigneat a platinum disk electrode.
Electrochemical investigation of the dimeric conxgle was expected to reveal evidence of
interaction between the metal centers if such augsn was sufficiently strong. The theoretical
behavior of multicomponent systems has been adebtgs®vious and is well developed. Bard

and Faulkner for example describe the expectatmmgarious levels of interaction.

Application of the theory requires high quality @lechemical data with care taken to develop
well defined controls. One particular problem freqtly encounter is leakage of chloride ion
into the electrochemical cell from reference el@d#r. This produces an artifact at approximately
1.1 volts and interfers significantly with the imeetation of the data since the ruthenium
complexes are oxidized at a similar potential. otder to avoid this complication a Pt wire
pseudo reference calibrated against ferrocene ypdoged as needed. Figure 3.8.1 shows the
cyclic voltammogram of ferrocene with a Pt wiretlas reference. The pseudoreference is more
than adequate for investigations of the scan rapendence and to a lesser extent the
concentration dependence because the absolutetipbiennot critical to the analysis. If an
accurate measure of the potential was requireddene was added to the solution as shown in

for example figure 3.8.3.

Cyclic voltammetry of [Ru(bpyCl-phen)f* shows a single reversible wave with E 0.83 V

vs ferrocene or 0.128 V vs NHE and is illustratedigure 3.8.4. The potential is independent of

92



scan rate and concentration as indicated in fig8r@é$ and 3.8.6. The peak current is expected

to depend on the concentration and scan rate a&siad by the Randles —Sevcik equation:
|, =(269x10°)n** AD"*Cv"?

where |, = peak currenta = number of electrons transferred in the redaenév, A = electrode
area in cri, D =diffusion coefficient in crfis, C = Concentration in mol / cirand v = scan rate

V/s.

A plot of peak currenk, versus the square root of the scan rate showsarlsependence with
R? = 0.997 and a slope of 1.02 x30In this experiment the electrode area was 062 @ = 1
and C = 2.4 x 1 mol/icn?. The calculated diffusion coefficient was 6 x"1@nf/sec.
Analogous measurements, not shown, with [Ru(bpy)3Rvealed a comparable value for the

diffusion coefficient of 7.8 x 10 cnf/sec.

Figure 3.8.4 shows the effect of concentration om peak potentials of [Ru(bp@l-phenf™.

There appears to be a small dependence on conoamtpat this may be an artifact of using the
pseudo reference electrode. Figure 3.8.5 showscykhbc voltammogram of [Ru(bpyEl-

phenf* at potentials that expected to show reductiorta®figands. The voltammogram reveals
four electrochemical events at -1.2932 V, -1.668-1929 V and -2.23 V. The first three
probably correspond to the success one electrarctieds of the ligands. The last is most likely
an artifact associate with an impurity in the suppg solvent. The observation of the
reductions at these potentials is consistent wiélvipusly published results obtained with other

polypyridine complexes.
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Figure 3.8.6 shows the scan rate dependence otiffy}Clphenf’. A plot of peal current
versus the square root of the scan rate reveal@tear dependence as expected with a slot
comparable to that obtained with [Ru(bgS)-phenf*. Figure 3.8.7 shows the concentration
dependence which reveals considerable scattereirpélak potentials with no obvious relation

between concentration and peak current.

Figure 3.8.8 shows the cyclic voltammogram of [R(bdiphen(bpy)Ru]** with ferrocene
added as an internal standard. The peak potdatitiie oxidation/reduction of the dimer is 1.30
versus SCE under the conditions of the experimdifte scan rate dependence is illustrated in
Figure 3.8.9. The slope of the plot of peak currarsus the square root of the scan rate is 1 x
10° and the calculated diffusion constant is approxétya2 x 10’ cnf/sec. Figure 3.8.10 shows
the concentration dependence of the peak potearidlpeak current. The data is similar to that
shown in Figure 3.8.7 and may reflect difficultiggh the use of a Pt wire reference electrode is
this type of investigation. Unfortunately the ddi@es not show trend and further investigation

will be required.

Figure 3.8.11 shows the cyclic voltammogram of fRolopy)diphen(dmbpyjRu]**. The peak
potentialfor the oxidation/reduction of the dimerli.190 versus SCE. The reduction in the peak
potential is consistent with the presence of theéhgiesubstitutients and has been previous

reported.

Figure 3.8.13 shows the cyclic voltammogram of Bpyl.diphen(dmbpyRul*. The
voltammogram clearly shows evidence of two elettemcical process. The peak potentials are

substantially less oxidizing than expected for thexed dimer composed. The scan rate
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dependence shown in Figure 3.8.14 is similar to dhserved with symmetric dimer in Figure

3.8.8. The ligand reductions are also similar tiséhfound in the monomeric complexes.
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Figure 3.8.1.Cyclic Voltammogram of Ferrocene vs platinum wirecetonitrile.
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Figure 3.8.2.Cyclic Voltammogram of [Ru(bpyEl-phenf” in acetonitrile.
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Figure 3.8.3.Cyclic voltammetric scan rate dependence of [Ruiplyphenf* in acetonitrile.
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Figure 3.8.4.Cyclic voltammetric concentration studies of [Rufl-phenf” in acetonitrile.
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Figure 3.8.5. Cyclic voltammetry of [Ru(bpyCl-phenf’ in acetonitrile showing ligand

reductions.
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Figure 3.8.6 Cyclic voltammetric scan rate dependence of [Ru(@ypcl-phenf in

acetonitrile.

106



Current / 1e-6A

10.0

9.0
8.0
7.0
6.0
9.0
4.0 1
3.0
2.0
1.0 1

-1.01
-2.01
-3.01
-4.0 1
501

6.0 +———

0 .'--- —

0.50

—
0.60

) W B B B B B N
0.70 0.80 0.90

Potential / V vs Fe/Fe+

107

1.00

Init E (V) =065
HighE(V)=13

Low E (V) =065

Int P/IN=P

Scan Rate (Vis) =1
Segment = 2

Smpl Interval (V) = 0.001
Quiet Time (s) = 2
Sensitivity (A/V) = 1e-5

— 1000mV
— 800mV
— 600mV
— 400mV
— 200mV



Figure 3.8.7. Cyclic voltammetric concentration studies of [Ruf@y).Cl-phenf® in

acetonitrile.
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Figure 3.8.8.Cyclic voltammogram of [Ru(bpxliphen(bpy)Ru]** in acetonitrile.
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Figure 3.8.9. Cyclic voltammetric scan rate studies of [Ru(bgiphen(bpy)Rul** in

acetonitrile.
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Figure 3.8.10.Cyclic voltammetric concentration studies of [Rufpdiphen(bpy)Rul*" in

acetonitrile.
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Figure 3.8.11.Cyclic voltammogram of [(bpyRudiphenRu(bpy]** and [Ru(bpyydiphenf*

showing ligand reductions
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Figure 3.8.12.Cyclic voltammogram of [Ru(dmbpyiphenRu(dmbpy]** in acetonitrile.

118



le-6A

Current /

le-6A

Current /

7.0 - 3

6.0
5.0 2
40 1 ﬂb
3.0 4 2
20 - g
1.0 | } 2

0 . — 2

1.0 2
20 1 2
EE 3
40 1 2
5.0 3

-

-’C-.'E' T T T T T T

0.2 0 0.2 04 06 038 10 1.2

241 -
21 1 -
18 ] -
15 -
12 -

09 ] .
06 ] / :
03 5

03] T e
06 :
09 .
-1.2 —— LI B L L A B R B R R -
0.40 0.50 0.60 0.70 0.80 0.90 1.00 1.10

Potential / V vs Fco/Fe+

119



Figure 3.8.13.Cyclic Voltammogram of [Ru(dmbpadiphenRu(bpyj** in acetonitrile.
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Figure 3.8.14.Cyclic voltammetric scan rate dependence of [Ru(ayjsaiphen(bpy)Ru]*" in

acetonitrile.
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Figure 3.8.15.Cyclic voltammetric concentration studies of [Ruf@w).diphen(bpy)Ru]** in

acetonitrile.

124



Current / 1e-5A

3.0

Ha
056 1
091
49/
151
=y
0.30

2.7 1

24 1
217
181
151
12
09
0.6 1
(0.3

040 050 060 070 080 09 100 110 120

Potential / V vs Fc/Fet+

125

T IntE(V)=05

[ HighE(\V)=13

I LowE(V)=0.5

L nitP/IN=P

[ Scan Rate (W/s) =0.1

[} Segment=2

I Smpl Interval (V)= 0.001
I Quiet Time (s)=2

[ Sensitivity (AV) = 1e-5

— conc-10mm
— Conc-8mM
— Conc-5m
— Conc-4mM
— Conc-3mi



Figure3.8.16Cyclic voltammogram of [(dmbpyRudiphenRu(dmbpy)**and

[Ru(dmbpy)diphenf* showing ligand reductions
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3.9 Ruthenium (II) TAP Dimer Synthesis

In an effort to explore more thoroughly the cougllretween the metal centers ligands that result
in complexes which much higher oxidation potentiaisre explored. One in particular was
successfully synthesized. The TAP ligand was pexpahrough a series of Schiff base

condensation reactions and a reduction reac¢tion
NH, CHO
/@ /@ j NH,OH +EtOH j
Ethanol e
2

CHO

N,H, /Pd/ C

Ethanol

Scheme 3.9.8ynthesis of TAP Ligand

7
2 eqv. TAP, N//\\ﬂ

2:1 H,0 / EtOH N

=
N
N
24 hr. reflux \ Ru// "
/

Y

Ru(CIl-Phen)d

Scheme 3.9.5ynthesis of TAP Monomer
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[RU(COYCl,In + 2n(TAP)—Zmehoryethand [RU(CO)LCI(TAP),]

[RU(COLCI(TAP),] + (Cl-phen) + 2MgNO —21eoveand Ry ((TAP),Cl-phen]Ch + 2MesN +2C0;

[Ru((TAP),Cl-phen]Ch, + 2NH4PFg [Ru((TAP),Cl-phen](Pk), + 2NH,CI

Scheme 3.9.3Synthesis of TAP Monomer via decarbonylation react

NiCl,.6H,0

7 PPh

S DMF
N

| | Et,NI
~ {/N\ 55°C, Ar, 14 hr
R

Z N \ N/W

Scheme 3.9.4Synthesis of TAP Dimer

Scheme 3.9.1 outlines the basic synthesis of #eeligand which was completed with adequate
over all yield. The purity of the product was cked with gas chromatography mass
spectrometry, illustrated in Figure 3.9.1,which ified that only the expected product was
present. The NMR further confirmed the identitytloé product and is illustrated in figures 3.9.2

and 3.9.3

The intermediate monomeric complex was also sufudbsgrepared as evidenced by the
electrospray mass spectrum illustrated in figuge43. In this example, the M/Z of the parent ion

= 339.9 matches the expected M/Z of 340.0 for titerinediate [Ru(TARJCI-phen)f".
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Unfortunately, the preparation of dimer was not ptetely satisfactory. Although the complex
could be prepared it was always produced in thegmee of the monomer, [Ru(TABhenf".

There was an additional, and unexpected complicatiwhich resulted from the mass
spectrometer used in the analysis. Figure 3.2Wshhe spectrum of the mixture of dimer and
monomer at three different skimmer voltages. Itlsar that the skimmer voltage alters the
apparent ratio monomer to dimer. At high skimmeltages the monomer is dominant. Figure

3.9.6 shows a cleaner picture of the situationsMimmer voltage of 13 volts.
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Figure: 3.9.1ESI-MS spectra and GC of TAP Ligand.
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Figure: 3.9.2H NMR of TAP Ligand in DMSO ¢
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Figure: 3.9.3.1°C NMR of TAP Ligand in DMSO-g¢
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Figure: 3.9.4.ESI-MS spectra of [Ru(TAREI-phenf* in ds-CDsCN.
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Figure: 3.9.5 ESI-MS spectra of [Ru(TARJiphenRu(TAP)**

139



Intens|
x16

207

1.07 3

2
1
05 3204 V\ /

Skim 1= 6 volts

Qifﬂfm
RIS Ve V. 'M\AJ'\,J-\.V,«J’M LY L
3"16 3318 35.0

Intens]
=10
20
Skim 1= 13 volts
15
3 229
1.07
231
i
057 b
3199 32333030
3194 }fﬂwJ | f; Z‘iﬁi‘\ 3244 321155 326.8
0.0 g Pt Ao e LI, i oL NV LYW ISR U NP
316 318 320 332 324 326 iz
Intens
=1
3229
4
3224 .
Skim 1= 32 volts
s 3219
|
5 3214
3209
32 21[732
§ 3205 | 2
320. \ﬂ | 3244
| Wiyl N 3240
3 031.4}'&\\\'“ | \, L ﬂ,\NJ 3253 326 8269
07xﬁ&&}w\ﬁ¢vwm»ﬁﬁmwmwﬂﬁﬁwMj§MVﬁin..ﬁ. | 1N/ 11100 LAl h&%ﬁuﬂJ&Mﬁ&¢gﬂ%jiwi%aaMnA
‘ - , - ‘ - -
316 318 320 322 324 326 m/z

140

Jawouow 3yl aseadu|
23e1j0A WS 3uisealdu|



Figure: 3.9.6. Ratio of [Ru(TAP)iphenRu(TAP)*" to [Ru(TAPYphenf" from ESI-MS

spectra.
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CHAPTER 4: Discussion
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4.1 Ruthenium (1) Mixed Dimer Complex

Ruthenium (II) mixed dimer was synthesized by caormig [Ru(dmbpy)(CO)](PFs)2 (1.0
mmol) and [Ru(bpydiphenf*(1.2 mmol) in the presence of an excess amouminoéthylamine
N oxide which served as the decarbonylating agéhe reaction was run for 2hr under a
nitrogen atmosphere. This approach is generallg tisesynthesize a mixed dimer in which the

two ligands surrounding the ruthenium metals affemdint.

In order to enhance the possibility of quenching éxcited state of our complex (by drifting
electrons from one side to the other), we syntleesez mixed dimer. Also, we can gain insight
into the parameters which determine the life tinme a mixed dimer by examining the
electrochemistry to see how the two metal centelsabe. These points are important in the
development of solar energy conversion devicesradadx catalyst in four electron donors. If the
energies of the lowest excited state are differera dimer, the energy should be trapped in the
center with the lowest energy. If this works, nplki centers could be designed in an antenna-

like array.

Preliminary results from the Durham’s lab have shdhat the excited state life time of a dimer
is longer than that of a monomer when the experinvegis done in an agueous medium.
Unfortunately, what we observed was different frwirat we had expected. The excited state life
time of the monomers and dimers were similar. Timight be due to the fact that our experiment

was done in acetonitrile instead of water.

Cyclic voltammetry results indicate that our mixgicher is made up of two metal centers that
have no electronic interaction with one anotherisTis confirmed by the presence of two

oxidation and reduction peaks between 0.55 — Or@sygectively. This implies the bridging (5,5'-
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bis 1,10-phenanthroline ) ligand acts an insulamding the two metal centers together (Class

one metal complex) but not allowing electronic ratgion between the two centers.

Fluorescence emission result of our mixed diméigind nitrogen also confirms the fact that our
mixed dimer is made up of two metal centers withelextronic interaction with each other. The
relative emission intensity of the mixed dimer whigas approximately 3000 counts per second
was roughly equal to that of the bipyridine (bpyda4,4’-dimethyl bipyridine (dmbpy) dimer
combined together. The lowest excited state eneogyplex was the dmbpy dimer while the
highest energy moiety was the bpy dimer and ourethidimer was in the middle of these two.
The fluorescence emission experiment in air algmests the same results. From these results,
one can also conclude that there is no quenchiiggalace in the excited state of the mixed
dimer. If we had quenching, the emission life tioighe mixed dimer would be half that of the

symmetric dimers.

Flash photolysis results of our complexes (mixeahadi symmetrical dimers and monomers)
showed that the excited state lifetime of the mixkoher, dmbpy dimer, bpy dimer, bpy

monomer and dmbpy monomer is 125 ps, 118 us, 13BAgis and 129us respectively. This
result shows that there is no quenching takingepladhe excited state of the mixed dimer since

the life time values are virtually identical.

Results of the intervalence charge transfer expmmrinshowed that the was no intervalence
charge transfer transition. This was evidencedheylack of a band at 650 nm. The lack of an

intervalence charge transfer band could suggesbthracomplex is a class one complex.
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4.2 Ruthenium (1) Dmbpy Dimer Complex

Classical method for the synthesis of symmetric eslsnusing a nickel catalyzed coupling
reaction” by Toyota et al did not give us a positive restiti.overcome this huddle, we carried
out a decarbonylation reaction following the pratoof Thomas et af. Two symmetric dimers
namely ruthenium (1) dmbpy and ruthenium (Il) bgimers were synthesized respectively.
These two dimers were chosen because their ligaaiely dmbpy and bpy were those present
in the mixed dimer. Also we wanted to compare tleeteochemistry of the symmetric dimers to
that of the asymmetric dimer and see if there &hié in the reduction potential of the mixed

dimer just by attaching various substituents utito i

Cyclic voltammetry results shows a single oxidatemmd reduction wave with the maximum
oxidation potential and reduction potential at O\B@nd 0.76 V respectively. The fluorescence
emission (in air) result shows that the dmbpy dihmes the lowest excited state energy compared
to that of the bpy and mixed dimers respectivelyisTcould be explained by the fact that the
dmbpy dimer has an electron donating group (dmiadyh makes the ruthenium metal center
less positively charged and as such giving it aeloveduction potential unlike the bpy dimer
which contains a more electron withdrawing ligatghy( ligand) thus making the ruthenium
metal center more positively charged (oxidizingyd¢eforth giving the bpy dimer a greater redox
potential. The redox potential of the dmbpy dimerabout 100 mV lower than that of the bpy
dimer. The excited state lifetime of the dmbpy dinsel18 ps which is basically identical to that

of the other dimers (bpy dimer 134 ps. and mixededil25 us).
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4.3 Ruthenium (I1) Bpy Dimer

The Bpy ligand is more oxidizing than dmbpy buslesidizing than TAP with a redox potential
of 1.10 eV. The presence of two nitrogen atomsherbipyridine ring deactivates the ring and as
such the bpy dimer can readily accept an electrom fa protein molecule. This dimer was

synthesized by modifying the proctocol of Toyotalet.

The scheme for this synthesis is illustrated below.

/ cl
NS
X N
3 :1 EtOH / H20 ~~ / X
/Ru/

Cis. Ru(bpy}Cl,.H,O + —efTux

Scheme 3.3.1Synthesis of bpy monomer

NiCl,.6H,0
Cl PPh
=~ DMF
= N Et,NI
~ IN N | 55°C, Ar, 14 hr
SH S -
/R ~. .~
Z>N \ °N |
~ ) ’N X
g

Scheme 3.3.2Synthesis of bpy dimer



Cyclic voltammetry results shows a single oxidateomd reduction wave with the maximum
potential of the oxidation and reduction waves .@40and 0.91 V respectively. The maximum
absorption of the bpy dimer is at 452 nm compacethat of the bpy monomer which is at 450
nm. Results from the laser flash photolysis sugg#sdt the excited state life time of the bpy
dimer is 134 ps. Results from the fluorescence sionsexperiment done in air suggests that the
excited state energy of the bpy dimer is greatan tthat of the dmbpy and mixed dimers
respectively. This is due to the fact that the biggnd is a stronger oxidizing agent than the
dmbpy hence rendering the ruthenium metal centee rpositive which accounts for a greater
redox potential of this dimer and consequently @atgr excited state energy. Flash photolysis
results from the temperature dependence measurexhém bpy dimer suggest that the dimer
behaves as a monomer. This implies, there is nciretec coupling between the two metal

centers in the dimer.
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4.4 Ruthenium (I1) TAP Dimer Complex

The Tap ligand is a strong oxidizing ligand witliealox potential of 1.93 eV. The TAP ligand
was prepared through a series of Schiff base (cwmadi®n reactions and a reduction reaction
2 When this ligand was attached to a ruthenium cempt formed a monomer. This dimer is
synthesized by a nickel catalyzed coupling reaatibthe monomer. This protocol is a classical
method for the synthesis of ruthenium (ll) dimeysniickel catalyzed coupling first done By
The main drawback of this reaction is that the ei¢R) complex which acts as a catalyst in this
reaction is air sensitive and as such care shauldhen so that it does not die while the reaction

is taking place.

This Ru (Il) dimer can be covalently bonded to at@n molecule to form Ru(ll)-Fe(lll) species.
This species when excited by a laser to form Rufg (lll) species The Ru(ll)* can then react
with a quencher species in solution to form Ru@jtf) which can further be reduced to Ru(ll)-
Fe(lll). This reduced form of the protein can threact with another protein in solution. These
reactions generally involve a large amount of pnsteresulting to a very high yield of
photochemical products. Preliminary results frone tBurham’s group have shown that
increasing the redox potentials of the complexaases the yield of the desired product. Highest
yields of photochemical products have been obtam#dstrong oxidizing dimer which led us to

synthesize and characterize the ruthenium (I) TiRers.
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4.5 Electrochemical study of Ru (II) Dimers

Electrochemical studies were done by preparingouariconcentrations of our complexes and
dissolving each in 0.1M TBARFnN acetonitrile (which acted as the supportingtetdyte). The
reference and counter electrodes were made upptdtimum wire (pseudo reference) and the
working electrode was made up of a platinum diswe @rea of the reference electrode was 0.785
mm?2. Since we were using a pseudo reference electvalaad to calibrate our result by adding
some ferrocene in our solution and by subtractiregpotential of the analyte in ferrocene from

that without the ferrocene to get the actual paaént our analyte.

Electrochemical experiments were done in ordereterthine the reversibility of our complexes.
One can conclude from these results that our synmordimers and monomers were reversible
with one oxidation and one reduction wave respebtivihe mixed dimer complexes were also
reversible but unlike the symmetric dimers, they o oxidation and two reduction peaks
respectively. This result suggests that our symmelimers is made up of one metal center
linked together by a 5,5’-bis-1,10-phenanthrolirigplien) bridging ligand. The asymmetric
(mixed) dimer on the other hand was made up ofrivetal centers with no electronic coupling
between the two metal centers (class one complExg. diphen bridging ligand acts as an

electronic insulator prohibiting any kind of elamwtic interaction.
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