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Abstract
This dissertation can be divided into two parts project goals. The first one is the synthesis
of rhenium (Re) complexes which are potential reverse saturable absorber (RSA)
materials. The second one is the polymerization of ruthenium (Ru) polypyridyl
monomers to have an oligomer ensemble for solar light harvesting purposes.
THE FIRST part starts with an introduction to optical limiting materials (OLM) (chapter
1). The main discussion in chapter 4 is about the photophysical properties and energytransfer reactions for three series of facial Re(I) tri-carbonyl complexes. The complexes
are of the general type fac-[Re(CO)3(N-N)Cl], where Cl is the chloride and N-N are
novel mono functionalized aryl-oligo(p-phenylene-vinylene) bipyridine (bpy) ligands.
These series is as a result of changing the aryl group of the ligands to either anthracene or
pyrene, and di-alkoxy attachments of phenyl ring in anthracene bipyridine ligands.The
synthesis of the bpy ligands involved attaching various aryls by utilizing successive
multi-step Wittig-Horner reactions (chapter 2). The ligands were later reacted with Re
pentacarbonyl chloride to obtain the complexes. Chromium complexes synthesis is also
included (chapter 3). The characterization involved 1H NMR, ESI-MS and elemental
analysis. There is also another set of ligands where the aryl group is dimethylaminophenyl where the solvatochromic emission properties of the ligands were
studied but were not coordinated to metals.The excited-state properties using both the
nanosecond (ns) and picosecond (ps) time resolved transient absorption (TA) of Re(I)
complexes shows strong positive excited-state absorption signals in 500-800 nm range.
From the TA (ps) and time-resolved infrared of the carbonyl region, the excited state
forms instantaneously after excitation. Their observed lifetimes are relatively long (2 μs-

40 μs range) and they increase as the phenylene-vinylene linker increases. The excited
state triplet energies values for the complexes were obtained experimentally using energy
transfer method from the simple Sandros relation. They decreases as the π-conjugated
phenylene-vinylene linker decreases, this is because the extended backbone bridge serves
to lower the energy of the triplet excited state. Lastly, the Re(I) complexes triplet-triplet
molar extinction coefficients(δex) were measured by energy transfer to a standard method
and their ratios to the ground state molar absorptivity(δg ) are all (δex/δg ≥40) at 530nm
which make them potential candidates for RSA.
THE SECOND part involves RAFT polymerization of two new acrylamide
functionalized Ru(II) polypyridyl monomers. Photoinduced electron transfer reactions for
the obtained Ru oligomers and complexes were done using 10-methylphenothiazine
(MPT) quencher (chapter 8).The synthesized acrylamide functionalized bipyridine ligand
(chapter 6) was reacted with complex precursors cis-[Ru(L)2Cl2] where the ligand (L) is
either 2,2’- bipyridine or biquinoline (chapter 7). The obtained Ru(II) photosensitizers
acts as energy donating and accepting respectively. The attachment of these Ru
complexes to oligomer backbone as side chains is by a C 11 alkyl linker. 1H NMR, UVVis spectroscopy, and differential pulse voltammetry (DPV) were used to characterize the
ligand, monomers and oligomers.The excited state REDOX potentials were determined
using the cyclic voltammetry (CV) values and steady state emission values converted to
electron volt (eV). Lastly, the TAs (ns) obtained in the presence of MPT electron
donating quencher was in agreement with the ones calculated/ predicted from
spectroelectrochemistry. These efforts are toward the goal of making a panchromatic
solar light collector in the visible region (chapter 5).
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PART ONE
CHAPTER 1.0 INTRODUCTION
1.1 Introduction
Lasers can damage human tissue and can even result in death and there is rapidly
escalating need for protection from laser devices by both civilian and military sectors 1.
There has been proliferation of laser devices available to the general public and some
with advanced sophistication, and according to U.S federal aviation administration
(FAA), there has been a steady increase in the number of reported laser incidences aimed
at aircraft from 384 cases in 2006 to 3482 cases in 2012. Illumination from these laser
incidences are able to create temporary vision impairment or produce permanent eye
damage which can incapacitate pilots carrying hundreds of passengers 2.
Laser accidents have also been documented in academic and high tech R&D
environments, some have caused retinal burn resulting in nearly complete vision loss and
others causing permanent vision loss, projects have also been halted in some cases where
the accident happened3.
Lasers operate in various wavelengths; some laser systems produce light which is
invisible to the human eye and for that reason; materials that are broad band having wide
range response for laser protection need to be designed. There is need to protect against
all unknown laser frequencies that one could encounter by accident or deliberate attack
and this has led to huge interest in the field on non-linear optical (NLO) materials and
devices so as to have optical limiters that could attenuate intense light bursts.
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The field of nonlinear optics started with Kerr’s discovery in 1875 that a static electric
field can induce a modification of the optical properties of a liquid, but it was not until
1960s when light sources based on pulse laser mechanism were introduced that it
rekindled intense interest this field. The operation of the laser since1960s has enabled
examination of the behavior of light in optical materials at higher intensities which was
previously not possible4.
1.2 Nonlinear absorption
Nonlinear absorption is the change in transmittance of a material as a function of
intensity or fluence that does not depend linearly on the intensity5.Nonlinear optics is an
extension of the conventional linear optics and has been promoted by laser technology.
This field deals mainly with optical effects and phenomena that arise from the
interactions of intense coherent radiation with matter and the nonlinearity is only
observed at very high light intensities provided by lasers4.
Optical susceptibility (χ) which is related to the refractive index (n) and the dielectric
constant/ relative permittivity (εr(ω) ) defines the optical properties of a medium.
The polarization of a molecule or compound in an applied electric field is expanded as a
power series in the applied field and is used to derive quantities for comparative analyses.
The molecular polarization is given by:
P = αE+ βEE+ γEEE……………………….(i)
Where α is the linear polarizability second rank tensor because it relates all of the
components of the polarization vector to all of the components of the electric field vector
(E) and is responsible for the linear optical behavior, β relates to the quadratic or second
order hyperpolarizability and γ the cubic hyperpolarizability; β and γ relate the
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polarization to the square and the cube of the field and are responsible for second- and
third-order nonlinear4.
Linear optical behavior is when induced polarization is proportional to the strength of the
applied field, this is when small fields are present and the quadratic and cubic terms in
equation (i) above can be neglected; however, when an intense electric field from a laser
pulse is applied, the second and third order terms become important and the NLO
behavior can be observed. The nonlinear dependence, either quadratic or cubic of the
induced polarization of the applied field, gave rise to the term nonlinear optical (NLO)
materials4.
The macroscopic polarization for an array of molecules is given by the equation:
P = χ(1)E+ χ(2)EE+ χ(3)EEE……………………….(ii)
χ(n) macroscopic susceptibilities, χ(1) is the linear susceptibility, χ(2) is the quadratic
second order susceptibility and χ(3) is the cubic third-order susceptibility. The field E and
the polarization P are vectors, while the coefficients χ(n) are tensors. The linear
susceptibility is related to the refractive index through χ(1) = n2 – 1.The first term, χ(1) is
responsible for linear absorption and refraction, while the remaining higher terms are
associated with light-induced nonlinear effects and the term most widely applied to
optical limiting is that involving χ(3) 4,6.
For the value of χ(2) ≠ 0 in a macroscopic system; noncentrosymmetric (NCS) material is
required to give symmetry-dependent properties such as second-order nonlinear optical
(NLO) behavior on the other hand, strong donor and/or acceptor group attached to the
molecule is required for a large β value and lastly extended delocalized π-system is
required for χ(3) third harmonic generation and DC Kerr effect4.

4

When the transmittance of a NLO material decreases under high intensity illumination
this is referred to as optical limiting (OL) giving rise to Optical limiting material (OLM).
In order to optimize materials for OL the important underlying physical mechanisms are
nonlinear absorption and nonlinear refraction whereby nonlinear refraction is the change
of refractive index as a result of incident light 4.
Nonlinear absorption refers to the change in transmittance of a material as a function of
intensity or fluence and the effects produced by nonlinear absorption in the frequency
dependent transmittance in a material have led to applications like nonlinear spectroscopy
and optical limiting5.
1.3 Optical Limiting Material (OLM)
Optical limiting materials (OLMs) or optical power limiters (OPLs) are nonlinear
absorbing materials, that exhibit intensity-dependent absorption, such that they are
transparent to light at low intensities but opaque to high intensity light and this property
originates from the intrinsic properties of the material, but not any external control
mechanism7. In an OLM there is efficient suppression or extinction of potentially
damaging light under conditions of intense irradiation, while allowing the efficient
transmission of low photonic energy under ambient conditions. An ideal optical limiter is
by definition, a device that exhibits a linear transmittance below a threshold and clamps
the output to a constant above it. It also have an instantaneous response time and operate
over a broadband spectral range4,8.
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Figure 1.1 Plot of optical limiting (real and ideal) and linear transmittance response9, 10.
Currently, organic and organometallic molecules are the ideal materials for OLM but in
the beginning of nonlinear optics, research work was focused mainly on inorganic
materials like quartz, potassium dihydrogen phosphate, and cadmium sulfide, among
others. The NLO response in many organic materials is extremely rapid because the
effects occur mainly through electronic polarization. They can also be fabricated by
synthesis to have desired properties unlike most inorganic materials 4.
Optical limiter materials in which the excited state transmittance decreases with
increasing input are called reverse saturable absorbers (RSA) and closely related to RSA
is the two-photon absorbers (2PA) and this is whereby two photons simultaneously
interact and are absorbed by the same molecule from the ground state to a higher-lying
state under high intensity illumination and there has been a new approach of designing
broadband OLM chromophores combining both large 2PA cross-sections and RSA
ability by having highly absorbing photo-generated excited states 1 and others in this
category of OLM include non-linear scattering (NLS), non-linear refraction (NLR) and
photorefraction (PR)11.
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The demand for optical limiting materials (OLM) is huge, for both civilian and military
applications to protect delicate sensors including human eyes from laser induced damage.
In optical telecommunications they can be used for removing intensity spikes and a
frequency agile OLM is desirable that can operate in a broadband range of wavelengths
like from the visible to rear IR region of the spectrum 7.


General Mechanisms for OLM (Absorption)

Excited-state absorption (ESA) and nonlinear scattering are the two main mechanisms for
OLM. ESA arises when a chromophore absorb light to generate an excited singlet or
triplet. From excited state singlet (S1) it can further absorb in the excited state to give to a
short picosecond lived intermediate (S1Sn), and also because of intersystem crossing
(ISC), an excited triplet state (T1) can form which can further absorb in the excited state
(T1Tn) and decay over a few microseconds (μs) or longer. The longer lifetimes of
triplet states lead to greater populations of the excited states that absorb more strongly
than the ground state for a given light intensity leading to a more sensitive OLM 7,12 refer
to figure 1.2 and figure1.4.
1.3.1

Two-photon absorption (2PA)

This is whereby two photons simultaneously interact and are absorbed by the same
molecule from the ground state to a higher-lying state under high intensity illumination.
The energy of the molecule excitation is equal to the sum of the energies of the photons,
E = hv1+ hv213. 2PA increases with the square of the light intensity; it is typically
described in terms of a cross section (δ2). In equation (ii) for the macroscopic polarization
for an array of molecules it is related to the imaginary part of the third-order non-linear
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susceptibility χ(3) and depends on the refractive index of the medium and the local field
factor4. It was first theoretically proposed by Goppert-Mayer in 1930s and demonstrated
experimentally in 19615,7 and comparing to one-photon transition, 2PA can be seen as a
way of accessing excited state by using photons of half the energy.
A desirable chromophore is the one that has large 2PA cross-section and it includes a
long and co-planer chromophore leading to enhancing the efficiency of an intramolecular
charge transfer and π-conjugated chains leading to states with extended charge
separation. Most organic π-conjugated molecules are naturally promising materials for
2PA applications in the near-IR, where they are usually transparent. In systems having an
electron-rich (π-donor) component, and an electron-deficient (π-acceptor) component, the
2PA cross section (δ2) is by definition a molecular property in the sense that it is
controlled by the molecular structure. However, solvent plays a major role; it has been
shown that the effective cross section for some molecules is more sensitive to the polarity
of the local environment than the intrinsic 2PA properties1,7,14.

Figure 1.2 Energy level diagram showing one (1PA) and two (2PA) photon absorption;
(ESA) is excited state absorption; (IC) is internal conversion, and (kisc) is intersystem
crossing. The dotted red line represents a virtual state.
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The normalized 2PA cross-section δ/Ne where Ne is the number of π-electrons is a useful
parameter for comparing two-photon chromophores. Sometimes it can be more relevant
to divide the δ-value by the molecular weight, molecular volume, or maximum
achievable number density N of the dye. The product of the 2PA cross-section δ and the
fluorescence quantum yield Ф is very useful for many functions/application of interest
like 2PA polymerization initiation and photochemical activation of drugs. The Z-scan and
two-photon excited fluorescence (TPEF) are the two major techniques for measuring 2PA
cross sections. The TPEF intensity provides direct information on the efficiency of 2PA.
The Z-scan technique is presented in more detail below7.
The intensity dependence in 2PA lends itself to its applications and some of the
applications are in three-dimensional data-storage, up-converted lasing, optical power
limiting, photodynamic therapy7 among others, but the focus will be on optical power
limiting.
1.3.1.1 Z-scan Measurement
The Z-scan single beam technique was first introduced by Sheik-Bahae et al15. It uses a
single-beam to determine the nonlinear absorption coefficient of a given material and it
has proved to be most convenient for nonlinear optical measurements due to its many
attractive features such as simplicity, high accuracy, low cost and a well-elaborated
theory for dealing with data16. It has been useful in determining nonlinear transmission in
optical limiting materials (OLM). It involves moving a sample along the path of a
focused laser beam and measuring the light intensity at the detector as a function of its
position along this z-axis. When the detector has a narrow aperture also called closedaperture setup, then the output is sensitive to intensity-dependent changes in the
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refractive index which lead to self-focusing or defocusing of the beam. On the other
hand, when the detector has a wide aperture also called open-aperture setup, it collects all
the light from the sample then the output only reflects the intensity-dependent
transmission and it is used to measure 2PA cross-sections. However there are two
problems that are difficult to avoid which tend to enhance the apparent 2PA crosssection. One is the loss of light lost due to self-defocusing if the aperture of the detector is
too narrow or too far from the sample or because of nonlinear scattering. The second
problem is a buildup of excited-state populations by either 1PA or 2PA leading to
decreased transmission through excited-state absorption (ESA). The contribution from
ESA can be reduced by the use of wavelengths where there is negligible 1PA and excited
state absorption7. The figure 1.3 summarizes the experimental setup for the Z-scan
experiment.

Figure 1.3 Z-scan experimental setup for optical limiting measurement10,17.

1.3.2

Reverse Saturable Absorption (RSA)

Optical limiter materials in which the excited state transmittance decreases with
increasing input are called reverse saturable absorbers (RSA). They are very transparent
for weak light and get opaque for the intense light 10,18. RSA absorption is a linear process
and occurs when the excited state absorption cross section (δex) is much greater than the
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ground state absorption cross section (δg)6.The ratio of cross sections (δex/δg) is the
measure of the effectiveness of molecules for RSA optical limiting and it is a function of
wavelength and the population of state4,19.
After excitation of a RSA, the singlet and triplet excited states can further absorb photons
and be promoted to the upper excited-state levels. The excited state absorption crosssections of a RSA chromophore is larger than the S0 S1 cross-section at the excitation
wavelength, as the intensity of the laser irradiation increases the population of S 1 and T1
increase and more light is absorbed1.

Figure 1.4 Five-level model energy level diagram for RSA: 0, ground state; 1, 2, excited
singlet states; 3, 4, triplet states; δg= Ground-state absorption cross section; δex= δs+ δt =
Exited-state absorption (ESA) and (kisc) is intersystem crossing 9, 12,18,20.
The above figure 1.4 shows the generic level structure for molecules and it consists of
five levels showing the possibility of both excited singlet (δs) and excited triplet state (δt)
absorption. For a material to be an efficient/optimized RSA nonlinear absorber, the
following properties or conditions have to be met: a high ratio of the triplet excited state
(T1Tn) to ground state (S0S1) absorption cross section (δex/δg>>1), a rapid
intersystem crossing rate to give rise to the longer-lived triplet state (τisc<<τ), and a high
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intersystem crossing quantum yield (Ф(S1T1) ~1)10,20, 21,22. The essential benchmark for
an effective RSA is δex/δg ~ 10-30 and above18
The opposite of RSA is saturable absorption (SA), It occurs when the excited state
absorption cross-section is smaller than that of the ground state, the transmission of
material will be increased when the system is highly excited 5.
The ratio of effective excited-state to ground-state absorption cross sections (δex/δg) of
metal phthalocyanines containing heavy metal atoms (i.e In, Sn, and Pb) have been
shown to increase by nearly a factor of two compared to those containing lighter atoms
such as Al and Si19 this has been attributed to the heavy-atom effect which enhances
intersystem crossing (ISC) from S1 to T1 thereby giving more access to the highly
absorbing triplet state manifold1. These and other materials are discussed in section 1.4.
1.3.3 Non Linear Scattering (NLS)
It is also referred to as induced scattering or thermal non-linearity, it is laser-induced and
intensity dependent scattering. It has been observed in colloidal suspensions of silica
particles, carbon particle suspensions, fullerenes, and nanoparticles11,23.
There are many types of scattering and they include Raman and Brillouin scattering
which are non-elastic processes while Rayleigh and Mie scattering are linear elastic
processes. The best example for NLS is found in carbon black suspension which is
optically limiting by the scattering process. There are two proposed mechanisms of how
this scattering process occurs. One is that the carbon particles will heat up as they absorb
light, which will cause them to ionize and produce microplasmas, acoustic waves of the
microplasmas then scatter light; this occur when the vaporization temperature is reached.
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The other mechanism is that the carbon particles will transfer the absorbed heat to the
surrounding solvent, creating vapor bubbles which scatter the light; this occurs before the
vaporization temperature of carbon is reached8,11.
Scattering induced in Si/SiO2 nanostructures has been carried out and the scattering
centers are believed to be plasmas which are formed through ionization of the SiO 2outer
shells8.
1.3.3.1 Scattering experiment using Z-scan
A sample is placed at the focus of the Z-scan beam while the incident laser beam is kept
at constant intensity. Measurement is done by measuring the intensity of the scattered
light as a function of angular position around the sample. The scattering arm could be
rotated around its pivot, giving the detector a range of 180°. The experimental setup is
outlined in figure 1.5; the output is a polar plot of angular dependent intensity. Mie
Scattering is seen for particles larger than the laser wavelength while Rayleigh scattering
is seen for very tiny particles (< 1 /10 wavelength)6,8.

Figure 1.5 Z-scan scattering experiment set-up (left) and output showing Mie scattering
polar plot of the angular profile of scattered light (right) 8,23.
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1.3.4 Non-linear refraction (NLR)
When the refractive index is nonlinear the phase of the light changes and the best simple
way is to measure its interference with a reference beam. Many geometries have been
shown to produce nonlinear effects from the nonlinear refractive index and they
include24:


Self-focusing or defocusing of a beam of finite width



The formation of optical spatial solitons - which are stable self-propagating
solitary waves



Nonlinear waveguides for both light input and output



Wave-mixing - A phase-grating is created when two plane waves intersect at an
angle in a nonlinear medium which then deflects or reflects light beams



Nonlinear interfaces and



Transient static and dynamic phenomena

Materials with a nonlinear refractive index include graphene layers 25. Measured by Zscan methods, these may pave way for graphene-based nonlinear photonics.
1.3.4.1 Nonlinear refraction using Z-scan
The Z-scan technique is also used to measure the nonlinear refractive index (n).The
incident laser light passing the nonlinear medium will cause the beam to change because
of changing refractive index and in the Z-scan measurement, the nonlinear material
sample is moved through the focus of a laser beam, and a closed aperture setup is placed
before the detector at some point in the expanding beam. The amount of light getting
through the aperture is measured as a function of the sample position 24.
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Figure 1.6 Z-scan NLR experiment showing optical configuration of self-focusing and
defocusing limiter6.
Self-focusing and defocusing material operate by refracting light away from the sensor as
opposed to absorption of light; both the sign and magnitude of n2 can be obtained from a
Z-scan measurement. The magnitude can be calculated using a simple analysis for a thin
medium. The nonlinear refraction coefficient with the negative sign indicates the selfdefocusing phenomenon4,26.
One of the advantages of the Z-scan technique is the possibility of distinguishing
nonlinear refraction and nonlinear absorption. And both of them must be considered
whenever an optical nonlinearity is near an absorption line. An important parameter in
non-linear refraction measurements is the laser pulse duration (femto-, pico-, and nanosecond) which will yield different values of the nonlinear refractive index (n)16.
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1.3.5 Photorefraction (PR)
The photorefractive (PR) effect is a nonlinear optical effect where optical light
illumination alters the refractive index of a medium. It is known to occur in electro-optic
photoconductive non-centrosymmetric materials like barium titanate (BaTiO 3)27, lithium
niobate (LiNbO3) and strontium barium niobate (SBN). In the photorefractive medium,
light is propagated by asymmetric light induced stimulated scattering/fanning and
formation of spatial distributions of the electromagnetic fields 28. The refractive index
change is through the Pockels effect (electro-optic effect) and this process was first
observed by Ashkin and colleagues in 196629.

Figure 1.7 Photorefractive material representation CB = conduction band; VB= valence
band; ND = Donor impurity; NA = acceptor impurity; PV= Photovoltaic.
Between the conduction and the valence band of a PR material both acceptor and donor
impurities are present. Photoexcitation carries diffuse from donor state (ND) to the
conduction band (CB) and these are transported by drift and diffusion effects, and then
trapped in an acceptor state (NA) by charge recombination. The refractive index can be
altered electro-optically by the space-charge field created during this process29.
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1.4 Materials for 2PA and/or RSA
There are a number of organic and/or organometallic compounds which have been shown
to exhibit strong reverse saturable absorption (RSA) and/or large two photon absorption
(2PA) properties both in the visible spectral region and near-IR region and they include
porphyrins and metalloporphyrins12,20,21, 30,31, phthalocyanines and
metallophthalocyanines10,19,32 polymers doped with fullerenes9,17,33,34, indanthrone
dyes35and square planer Pt (II) complexes36. A comprehensive review has been written on
multiphoton absorbing materials14.The structures of some of these organic and/or
organometallic compounds are shown in figure 1.8.
Fullerenes performance as both 2PA and RSA has been measured in diverse mediums i.e
solution, polymer matrix, inorganic glass so-gels and vacuum deposition into amorphous
thin film using both picosecond and femtosecond pulses and it has been shown that the
reverse saturable absorption dominates in the shorter-wavelength region (440-560 nm)
whereas 2PA dominates in the longer-wavelength region (580-1000 nm)14,17.
Wenfang Sun and co-workers have shown that organometallic compounds especially
square planer Pt (II) terpyridine complexes are broadband nonlinear absorbing materials
exhibiting strong RSA in the visible spectral region and large two-photon absorption
(2PA) in the near-IR region36.
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Porphyrins and Metalloporphyrins

Metallothalocyanines

M = Zn, Cu, Ni, Co, VO and FeCl 37

Subphthalocyanines38

Metallodendrimer (2PA)

Organic molecules (2PA)

Alkynylruthenium dendrimer39

Dendrimer molecules13

Indanthrone

Combination of phthalocyanine and
fullerene

Indanthrone oligomer40
Metal complexes

Platinum complexes42

moieties for optical limiting41
Iridium(III) complexes

Bearing benzothiazolylfluorene motif 43

Figure1.8 Examples of 2PA and/or reverse saturable absorbers (RSA) materials in
literature
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Porphyrins, metallophophyrins and related phthalocyanines tetrapyrrolic macromolecules
have had their reverse saturable absorption properties extensively investigated; they have
a large number of delocalized electrons and have high transition dipole moments and
possess interesting third-order nonlinear optical properties. The potential for these
macrocyclics is broadband optical limiting; they have high nonlinearities upon irradiation
with high intense laser light they also have outstanding chemical and thermal
stability4,31,38. The design principle for optimized NLO materials is the presence of a
strong intramolecular dipole moment has been realized in the so-called push–pull
porphyrins where two donor and acceptor groups can be attached to the π-system21.
Organic nonlinear optical materials have also been explored, especially their NLO
polarizabilities. The perspective by Marder44 highlights some of the key advances in
second-order NLO materials and multiphoton-absorbing materials. Strategies have also
been put forth in designing molecules with large 2PA cross sections (δ2) on the basis of
the concept of symmetric charge transfer, from the ends of a conjugated system to the
middle, or vice versa45.
1.5 Goal of the Research
The primary goal is to develop novel reverse saturable absorbers (RSAs) for use in
optical limiting purposes. The work starts with synthesis of aryl-phenylene-vinylene
diimime ligands with low triplet excited state energies and the coordination in transition
metal complexes with weak ligand field absorption transitions and strong excited state
absorption in the 500-800 nm range.
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Earlier on in our laboratory, we have been able to synthesize ruthenium aryl bipyridine
complexes with strong excited state molar absorptivity and ground state absorption
extending up to 750nm-800nm46. However, the ground state absorption is too strong to be
useful in RSA development but they are candidates for 2PA. In order to have RSA
properties, the ground-state absorptivity needs to be small in the wavelength region of
interest here that is 500-800nm. Synthesis of Cr(III) aryl phenylene-vinylene bipyridine
complexes was first attempted so as to take advantage of weak ground state absorbing d-d
transitions at these wavelength. These are discussed in chapter3. In addition, rhenium
carbonyl aryl phenylene-vinylene bipyridine complexes also represented potential RSA
candidates.
Some, rhenium nonlinear optical material examples with second-order NLO properties
have been reported47,48,49,50. In this project, the excited state behavior of Re(I) carbonyl
complexes of aryl-phenylene-vinylene bipyridine ligands synthesized was explored.
They have strong excited state absorption (ESA) across a broad spectral range extending
into the near infrared and low ground state absorption in the 500nm-800nm wavelength
region. Preliminary results show them to exhibit nonlinear absorption and they can be
potential candidates for RSA.
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Chapter 2.0 Aryl-Oligo(p-Phenylene-Vinylene) Bipyridine Ligand Synthesis,
Characterization and Photophysical Properties
2.1 Overview
This chapter section is about novel synthesis of a series of rigid π-conjugated aryloligo(phenylene-vinylene) bipyridine ligands and their photophysical properties.
2.2 Retrosynthetic Analysis of Aryl-Oligo(Phenylene-Vinylene) Bipyridine Ligands
The Figure 2.1below shows an example of ligand targeted for synthesis in a series.

Figure 2.1 Structure of An-vpvpv-bpy [U] ligand
The above ligand shows that multiple -C=C- double bonds links are being formed and
there are various ways of achieving double bond formation as shown by the following
diagram for the retrosynthesis (Scheme 2.1):
The set of ligands synthesized are represented generally as Aryl-v-bpy, Aryl-vpv-bpy and
Aryl-vpvpv-bpy where v=vinyl, p=phenyl, bpy=2,2'-bipyridine, Aryl are aryls of either
anthracene, pyrene or 4-(N,N-dimethylamino)phenyl. There is also another set of
anthracene type ligands having di-alkoxy attachments to one phenyl ring.
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Scheme 2.1 Double bond formation via different synthetic routes1
Heck cross-coupling is the -C=C- double bond formation between an activated olefin and
aryl halide in presence of palladium catalyst in basic conditions. The major advantage of
Heck reaction is its great trans selectivity2
Elimination of both halide and hydrogen (HX) in alkyl halide starting substrates by
bimolecular elimination (E2) mechanism in presence of a strong Bronsted-Lowry base
also leads to formation of an alkene with π bond.
McMurry cross-coupling is the -C=C- double bond formation by reduction between two
aldehydes/ketones. It involves two steps; an alkali metal induces coupling by single
electron transfer to the carbonyl group (pinacol coupling reaction) and this is succeeded
by de-oxygenation of the 1, 2-diol with low-valent titanium as a reducing agent to yield
an alkene.
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Partial reduction of alkynes by electrophilic catalytic addition of hydrogen can also be
used to form the -C=C- double bond. The less active Lindlar’s catalyst (Pd/CaCO3) is
ideal for this purpose which will not react beyond alkene formation.
The Grubbs reaction (olefin metathesis) affords the -C=C- double bond formation. It is
cross-coupling between different alkenes in the presence of a catalyst and involves the
exchange of substituents.
The Wittig -type condensation reaction involves reaction of an aldehyde or ketone and
ylide to form alkenes. It involves nucleophilic addition of ylide and elimination of
phosphine oxide. The double bond forms precisely at the location of the original aldehyde
or ketone.
Through retrosynthetic analysis, (Figure 2.2) the ligands can be thought of as a triad
system. The three constituent parts are: the aryl part, the oligo(phenylene -vinylene) part
and the dipyridyl part. The method of choice pursued and adopted for the coupling of
these π-conjugated building blocks was the Wittig-Horner condensation reaction, a
variation of the Wittig reaction. This approach was chosen considering the availability
and low cost of starting materials, the significantly higher product yields and ease of
synthesis. In addition, they have common intermediates for generation of several of the
products.
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Figure 2.2 Retrosynthetic analysis of anthracene oligo-(phenylene-vinylene) bipyridine
ligands
2.2.1 Wittig-Horner Reactions for Preparation of Aryl-Oligo(Phenylene-Vinylene)
Bipyridine Precursors and Ligands1.
The Wittig-Horner reaction is also known as Horner-Emmons-Wadsworth (HWE)
reaction. The Wittig-Horner reaction is an effective method for the synthesis of alkenes.
It is the modification of the Wittig reaction in which phosphonates are employed instead
of phosphoranes and a phosphonate carbanion is the active reagent, similar to the
phosphorous ylide in the Wittig conversion. In our reactions the aldehydes and
phosphonates were all put in two or three neck round bottom flasks before potassium
butoxide base was added; therefore the carbanion was generated in situ. The solvent used
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was either dry THF or DCM and the reactions were carried out in an inert environment of
either argon or nitrogen. This is because the phosphonate carbanion is both water as well
as oxygen-sensitive. The carbanion also selectively reacts with aldehydes and ketones but
remains untouched towards carbonyl groups of esters and amides and lastly, the
stabilized phosphonate carbanion gives predominantly (E)-alkenes with aldehydes. The
mechanism of the reaction is shown in scheme 2.2

Scheme 2.2 The Horner-Wadsworth-Emmons (HWE) reaction mechanism, RDS=Rate
determining step, TS = Transition state
HWE reactions have been used successfully in the synthesis of numerous similar
oligo(phenylene-vinylene) bipyridine ligands3. In our reactions using appropriate
stoichiometry, aryl aldehydes (either anthracene, pyrene, or 4-(dimethylamino)benzal )
were coupled with a bipyridine phosphonate in the presence of t-BuOK as base to have
the first set of ligands or react with excess 1, 4-bis [(diethylphosphoryl) methyl] benzene
with the aryl aldehydes to have an aryl mono-phosphonate precursor which, when
reacted with bipyridine aldehyde, will give the second set of ligands. The final set of
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ligands were afforded by reacting the aryl mono-phosphonate precursor with excess 1,4phthalaldehyde and finally reaction with bipyridine phosphonate to afford the third set of
aryl bipyridine ligands. The precursors and ligands are all trans, this is because the
Wittig-Horner reaction mechanism allows for trans; selectivity of the product as shown
in the mechanism in scheme 2.2.

Figure 2.3 Figures representing the targeted mono-functionalized aryl-oligo(phenylenevinylene) bipyridine ligands. (Aryl = (R1) = dimethyl amino, anthacene, and pyrene)
The ligands are attached to various aryls (R1) by utilizing successive multi-step WittigHorner reactions. They are linked by π-conjugated phenylene-vinylene backbones which
serve to lower the energy of the lowest excited state of the ligand. The naming used here
for the ligands is given in figure 2.3
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2.2.2 Michaelis-Arbuzov Reaction for Preparation of Phosphonates
The Michaelis-Arbuzov reaction is the reaction of an alkyl halide with trialkyl phosphate
to produce pentavalent alkyl phosphonate. The first step involves nucleophilic attack
(SN2) on the alkyl halide by the phosphorus to form a phosphonium salt, followed by
dealkylation of the salt by the halide ion as a result of heat to give the resulting
phosphonate1 as shown by scheme 2.3

Scheme 2.3 Synthetic pathway for 4-(diethylphosphonomethyl) - 4'-methyl-2, 2’bipyridine bpy-P=O(Et)2 [C] by Michaelis – Arbusov reaction
The Michaelis-Arbusov reaction was employed for the preparation of the phosphonates
from the corresponding starting benzylic bromides.4(4-(bromomethyl)-4′-methyl-2,2′bipyridine [B])5 The reaction was carried out neat under inert atmosphere with excess
triethyl – phosphite at 80 -120 °C for 8 -12 hrs. It was then isolated by precipitation in
cold hexane or petroleum ether, dried under vacuum without heating and the phosphonate
products were confirmed by NMR spectroscopy.
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2.2.3 Riley Selenium Oxidation of 4,4'-Dimethyl-2,2'-Bipyridine to Aldehyde

Scheme 2.4 Synthesis of 4-formyl-4’-methyl-2, 2’- bipyridine (bpy-CHO [D]) by Riley
SeO2 oxidation and separation steps.
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Riley selenium oxidation is named after Harry L. Riley who discovered it in 1932 as an
oxidant of aldehydes and ketones6 and, besides carbonyl compounds, allylic oxidation of
olefinic substrates to the corresponding allylic alcohols or enones has been shown. Riley
oxidation mainly involves oxidation of the methylene group adjacent to a carbonyl group
or the double bond of olefins1. Care should always be exercised when handling selenium
dioxide for it is toxic.
To afford a mono functionalized bipyridine ligand precursor, one equivalent of selenium
dioxide (SeO2) was used as a mild oxidizing agent to oxidize one methyl group in 4,4’methyl-2, 2’- bipyridine [A] to afford 4-formyl-4’-methyl-2, 2’- bipyridine [D] (scheme
2.4) as the major product. Some bipyridine starting material will remain unreacted and
the other by-products of this reaction are bipyridine acids, bipyridine di-aldehydes and
elemental selenium7. Filtering at the end of reaction removes elemental selenium as
residue; washing the organic phase with aqueous sodium carbonate or sodium
bicarbonates extracts the acid bipyridine in to the aqueous layer. Removing the unreacted
bipyridine starting material involves evaporating the organic phase solvent from the
preceding separation and the solid obtained is dissolved in aqueous 0.3M sodium
metabisulfite which will form bisulfite adduct with the bipyridine aldehydes and
subsequent filtering will remove unreacted bipyridine as residue. The filtrate pH is
adjusted up with a base and then extracted into organic solvents before finally
evaporating the organic solvent to afford compound [D] as the major product and
bipyridine di-aldehydes if any as negligible by-product.
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2.3 Experimental Section
2.3.1 Materials and Characterization
The reagents N-bromosuccinimide (NBS), azobisisobutyronitrile (AIBN), selenium
dioxide, triethyl phosphate, potassium tert-butoxide solution 1.0 M in THF, 1bromodecane, paraformaldehyde, hydrobromic acid solution 33 wt. % in acetic acid, 1,4bis-bromomethyl-benzene, 1,4-phthalaldehyde, 4-(dimethylamino) benzaldehyde, 1,4hydroquinone, quinine hemisulfate salt monohydrate, 2-methyltetrahydrofuran, and
carbon tetrachloride (CCl4) were obtained from Sigma Aldrich and used without further
purification . Magnesium sulfate anhydrous, sodium bicarbonate, potassium hydroxide
pellets, sodium hydroxide pellets, and 1,4-dioxane were obtained from Fisher Chemical.
1-Pyrenecarboxaldehyde and 9-anthraldehyde were obtained from Alfa Aesar. All other
organic solvents (Hexane, acetone, acetonitrile, THF, DMF, chloroform, DCM, DMSO)
used were obtained from Pharmco-AAPER. 4,4'-Dimethyl-2,2'-bipyridine was obtained
from Atomaxchem (China). Deuterium labeled solvents used for 1H NMRs was obtained
from Cambridge Isotope Laboratories, Inc.
The 1H NMR and ESI-MS instrumentation used for ligand characterization is explained
in chapter 3.
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2.3.2 Synthesis of Bipyridine Precursors

(i) N-bromosuccinimide (NBS), Azobisisobutyronitrile (AIBN), CCl4, Reflux, 6hrs, (ii) Selenium
dioxide (SeO2), Dioxane, gentle Reflux, 24 hrs, 28% (iii) P(OEt)3, 100°C, 8hrs, Reflux, 19%
(overall)

Scheme 2.5 Synthesis of mono functionalized bipyridine phosphonate and aldehyde
precursors
Pure intermediate [B] is usually difficult to isolate; therefore, for the preparation of
precursor ligand [C], the intermediate [B] was not purified but used as a crude product for
the next reaction step. The impure [B] was heated with neat triethylphosphite before
column chromatography separation. The preparation and separation of precursor ligand
[D] has already been discussed earlier in the section on Riley selenium oxidation of 4,4'dimethyl-2,2'-bipyridine to aldehyde.
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Figure 2.4 1H NMR spectra of precursors bpy-P=O(OEt)2 [C] and bpy-CHO [D] in
CDCl3
The most characteristic feature in the 1H NMR spectra of the bipyridine phosphonate is
the JH-P = coupling constant at 3.21 ppm which is 22.3 Hz and, for the bipyridine
aldehyde, the proton of the aldehyde functional group observed downfield at 10.19 ppm.
The 4’-methyl in all of the bipyridines appears in the range 2.37-2.47 ppm. The aromatic
region resonances are all contributed from bipyridine ring. The precursors were both used
without further characterization.
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4-(Diethylphosphonomethyl)-4'-methyl-2, 2’-Bipyridine: ( bpy-P=O(Et)2 ) [C]
This compound was prepared by modification of two published procedures5,8 without
isolating the bipyridine intermediate product [B]. The starting reagents 4,4'-dimethyl-2,2'bipyridine [A] (3.6g,19.54mmol), N-bromosuccinimide (3.6g, 20.23mmol) and
azobisisobutyronitrile (AIBN) (0.16g, 0.98mmol) in CCl 4 (100mL) were heated at reflux
under argon for 6hrs. The mixture was then allowed to cool to RT and filtered to remove
insoluble solid black particles and the brown filtrate was evaporated to near dryness
under reduced pressure. The 4-(bromomethyl)-4′-methyl-2,2′-bipyridine [B] formed was
not purified but proceed to the next reaction step by adding triethylphosphite (16mL, 96
mmol, 5equiv.) and heated neat under an argon atmosphere at 100oC for 8 hrs. The
solution was then allowed to cool to RT and precipitated in cold hexane to obtain a black
oily residue; a short silica gel column was run with acetone to remove most of the black
contaminant in the oily residue then concentrated. The crude product was eluted with
ethyl acetate: hexane (2:1) to remove unreacted 4, 4’-dimethyl-2, 2'-bipyridine [A], then
flushed with acetone to elute the mono followed by di bipyridine phosphonate. The
desired product was an oil 1.2g (Overall Yield: 19%) 1H NMR (400MHz, RT, CDCl3,
Fig. 2.4): δ (ppm) 8.56 (d, J = 4.8Hz, 1H), 8.48 (d, J = 4.8Hz, 1H), 8.27 (s, 1H), 8.17 (s,
1H), 7.26 (d, J = 4.8Hz, 1H), 7.08 (d, J = 4.8Hz, 1H), 3.97-4.05 (dq, J = 7.2Hz, 4H), 3.21
(d, JH-P = 22.3 Hz, 2H), 2.37 (s, 3H), 1.19 (t, J = 7.2 Hz, 6H).
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4-Formyl-4’-methyl-2, 2’- bipyridine: ( bpy-CHO ) [D]
This compound was prepared by modification of two published procedures9,10. Dioxane
(100mL) was added to 4,4'-dimethyl-2, 2'-bipyridine (2.5g,13.57mmol), in a 250mL
round bottom flask and the solution was spurged with argon while stirring for 20min.
Selenium dioxide (SeO2) (1.7g,15.32mmol -Toxic) was added and the solution was
heated under gentle reflux for 24hrs. The solution was then allowed to cool to RT and
filtered to remove solid particles and the filtrate evaporated to near dryness under reduced
pressure. The remaining solid was dissolved in ethyl acetate, heated at reflux for
30minutes, and filtered while hot. The filtrate was then washed with a saturated aqueous
solution of NaHCO3 (2 x 50mL) to extract any acid bipyridine formed. The organic
solvent was then evaporated to near dryness under reduced pressure; the solid residue
obtained was then suspended in 100mL, 0.3M sodium metabisulfite (Na2S2O5) solution
and stirred for 30min. The solution was then filtered and suspended again in 50mL, 0.3M
Na2S2O5 and stirred for 30 min and then filtered. Solid NaHCO3 was then added slowly
to the combined filtrates of Na2S2O5 solution until the pH was 8 and the product was
extracted into DCM (2 x 50mL); additional solid NaHCO3 was added to the solution until
the pH was 10 followed by extractio again with DCM (1 x 50mL). The combined organic
layers was dried with MgSO4 and removed by rotary evaporation to yield the product as a
white solid 0.753g (Yield: 28%) 1H NMR (400MHz, RT, CDCl3 ,Fig. 2.4): δ (ppm)
10.19(s, 1H); 8.90 (d, J = 4.8 Hz, 1 H); 8.83 (s, 1 H); 8.58 (d, J = 4.8 Hz,1 H); 8.28 (s, 1
H); 7.73 (d, J = 4.8 Hz, 1 H); 7.20 (d, J = 4.8 Hz, 1 H); 2.47 (s, 3 H).
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2.3.3 Synthesis of Aryl-Oligo(Phenylene-vinylene) Bipyridine Precursors and
Ligands

Reagents and conditions for the reaction
(i) N-bromosuccinimide (NBS), Azobisisobutyronitrile (AIBN), CCl4, Reflux, 6hrs, (ii) Selenium
dioxide (SeO2), Dioxane, gentle Reflux, 24 hrs, 28% (iii) P(OEt)3, 100°C, 8-12hrs, Reflux (iv) tBuOK, THF, RT, Argon, 24hrs; (xs) = 5x excess; Ar = R1 = Aryl

Scheme 2.6 Synthesis of the series of mono functionalized π-conjugated aryloligo(phenylene-vinylene) bipyridine ligands N,P,Q,R,S,T,U, and V.
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The Witting-Horner reactions for olefin bond formation were accomplished using the
general method described in detail (ahead) for both precursors and ligands. Mono or di
phosphonates and aldehydes were dissolved in dry tetrahyrofuran (THF) or
dichloromethane (DCM) and kept under ice cold conditions. Potassium tert-butoxide (1M
THF) solution was then added slowly (dropwise) to the reaction mixture under an inert
atmosphere of nitrogen or argon. It was then stirred at room temperature for 24-48 hrs; in
some reactions gentle heat may be applied after 12hrs of room temperature reaction so as
to increase the yield. The resultant yellow solution was extracted using aqueous brine,
dried with MgSO4 or NaHCO3 then dried by evaporation. It was then dissolved in small
amount of chloroform (CHCl3) and precipitated by addition onto a large amount of cold
methanol or hexane and the yellow precipitate obtained was filtered.
The method used to synthesize our new ligands serves to avoid arduous synthetic routes
to have our targeted ligands and employs common intermediates for generation of more
than one ligand.
Example of a more challenging synthetic route is shown by scheme 2.73,5. This synthetic
method is closely related to what was used by the group of Frédéric Fages in France, and
involves the synthesis of pyrene-oligo(phenylene vinylene)-2,2’-bipyridine conjugated
molecular rods11. They employ different starting materials, reagents and separation
techniques and, notably, their one-pot reaction with statistical mixture of reagents affords
a mixture of symmetrical and dissymmetrical oligomers requiring tedious column
separation. Another previous article by the same group involves synthesis of series of
pyrene-containing π-conjugated 2,2-bipyridine derivatives12 and involves a more
demanding synthetic methodology, it involves a sequence of Pd-mediated cross-coupling
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reactions of ethynyl derivatives with corresponding haloarenes. Phenylene-vinylene
based polymers attached to bipyridines have also been synthesized by Wasielewski
group13,14.

Reagents and conditions:
(i) P(OEt)3, 80 °C, 17 h (90%); (ii) p-dibutylaminobenzaldehyde, NaH, THF, 8, 3h (80%); (iii) nBuLi, Et2O, - 10 ℃ followed by DMF, RT, 2 h (50 %); (iv) t-BuOK, THF, RT, 10 h.

Scheme 2.7 Synthetic pathway for MNp-vpv-bpy [T] ligand in literature5, involving
laborious synthetic routes
The intermediate precursors and final aryl bipyridine ligands were isolated in moderate to
good yield by precipitation into cold methanol or pentane. The synthesized bipyridine
ligands have been fully characterized by NMR spectroscopy and confirmed by mass
spectrometry. The newly formed vinylene double bonds -C=C- have almost all trans (E)
configuration, which is clearly shown by the 1H NMRs spectra (JH,H = 15–17 Hz for the
E configuration).
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2.3.3.1 Synthesis of Aryl-Oligo(Phenylene-Vinylene) Precursors
(I) Tetraethyl (1,4-phenylenebis(methylene))bis(phosphonate): (p((CH2)P=O(OEt)2)2
[F] )
This compound was prepared by following a published procedure4. 1, 4-bis
(bromomethyl) benzene (20 g, 76 mmol) and triethylphosphite (63mL, 380 mmol
5equiv.) were heated under argon atmosphere at 100 oC for 12 hrs. The solution was then
allowed to cool to RT and precipitated in cold petroleum ether, filtered and dried under
vacuum to obtain a white solid 26.2g (Yield: 91%) 1H NMR (400MHz, RT, CDCl3): δ
(ppm) 7.25 (d, J = 6.8 Hz, 4H), 3.98–4.02 (m, 8H), 3.15 (d, JH-P = 20.3 Hz, 4H), 1.21–
1.25 (t, J = 7.1 Hz 12H).
(II) Aryl Phenylene-Vinylene Mono-Phosphonates
General Procedure for the 1st HWE Reaction
The synthesis of phosphonates of the general type Aryl-vp-CH2P=O(OEt)2 G, H, J is as
follows: 1.0M Potassium tert-butoxide (t-BuOK) (1.1 equiv. per aryl aldehyde group)
was added drop wise via a syringe over a period of 10-20min into a solution of excess
1,4-bis [(diethylphosphoryl) methyl] benzene [F] (5.0 equiv. per aryl aldehyde group)
and aryl aldehyde in dry THF or DCM (50mL) under inert gas protection . The reaction
mixture was allowed to stir at RT for 24 hrs, and extracted with water and brine (3 x15
mL). DCM or CHCl3 may be added during the extraction to ensure complete separation.
The organic phase was dried with anhydrous NaHCO3 or MgSO4 and then concentrated.
The residue was separated by column chromatography using silica gel and ethyl
acetate/hexane (2:1v/v) as eluent. The product eluted as the second band.
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Precursor: An-vp-CH2P=O(OEt)2 [G]
Excess p((CH2)P=O(OEt)2)2 (4.5g, 11.89mmol), 9-anthraldehyde (0.545g, 2.64mmol)
and 1.0M t-BuOK (3.2mL 3.2mmol) were used; the product was a yellow fluorescent
solid 0.508g (Yield: 39%)

Figure 2.5 1H NMR of precursor An-vp-CH2P=O(OEt)2 in CDCl3, showing integration
and proton assignments.
1

H NMR (400MHz, RT, CDCl3): δ (ppm) 8.40 (s, 1H), 8.34-8.36 (m, 2H), 8.00-8.03 (m,

2H), 7.92 (d, J = 16.6Hz, 1H, vinyl-H), 7.63 (d, J = 7.8Hz, 2H), 7.45-7.50 (m, 4H), 7.377.40 (d, J = 7.8Hz, 2H),6.95 (d, J = 16.6Hz, 1H, vinyl-H), 4.03-4.12 (dq, J =7.2Hz, 4H),
3.25 (d, JH-P = 21.8 Hz, 2H), 1.22–1.33 (t, J = 7.2 Hz 6H).
The most characteristic feature in the 1H NMR spectra of the anthracene phosphonate is
the JH-P = coupling constant at 3.25 ppm which is 21.8 Hz, also, at 6.95 ppm and 7.92
ppm, are the vinyl protons with J = 16.6Hz characteristic of the trans (E) configuration.
The aromatic protons are from the anthracene chromophore and phenyl bridge. The
precursor was used without further characterization.
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Precursor: Pyr-vp-CH2P=O(OEt)2 [H]
Excess p((CH2)P=O(OEt)2)2 (2.82g, 7.45mmol), 1-pyrenecarboxaldehyde (0.38g,
1.65mmol) and 1.0M t-BuOK (1.8mL 1.82mmol) were used; the product was a yellow
fluorescent solid 0.247g (Yield: 33%)
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Figure 2.6 1H NMR of precursor Pyr-vp-CH2P=O(OEt)2 in CDCl3
1

H NMR (400MHz, RT, CDCl3 Fig. 2.6): δ (ppm) 8.41 (d, J = 9.3Hz, 1H), 8.24 (d, J =

8.0Hz, 1H), 7.96-8.14 (m, 8H pyr 7H, & vinyl-H)7.61 (d, J = 7.8Hz, 2H), 7.37 (d, J =
6.2Hz, 2H),7.29 (d, J = 16.1Hz, 1H, vinyl-H), 4.04-4.11 (dq, J =7.2Hz, 4H), 3.24 (d, JH-P
= 21.8 Hz, 2H), 1.15–1.32 (t, J = 7.2 Hz 6H).
Like the previous anthracene phosphonate, the most characteristic feature in the 1H NMR
spectrum of the pyrene phosphonate (Fig. 2.6) is the JH-P = coupling constant at 3.24 ppm
which is 21.8 Hz, also at 7.92 ppm are the vinyl protons with J = 16.1 Hz, characteristic
of the trans (E) configuration. The aromatic protons are from the pyrene chromophore
and phenyl bridge. There is also a small amount of impurity as seen in the spectrum,
possibly a cis isomer. The precursor was used without further characterization.

40

Precursor: MNp-vp-CH2P=O(OEt)2 [J]
Excess p((CH2)P=O(OEt)2)2 (4.96g, 13.11mmol), 4-(dimethylamino)benzaldehyde
(0.438g, 2.94mmol) and 1.0M t-BuOK (3.3mL 3.3mmol) were used; the product was a
yellow fluorescent solid 0.38g (Yield: 35%)

Figure 2.7 1H NMR of precursor MNp-vp-CH2P=O(OEt)2 in CDCl3 showing integration
and proton assignments.
1

H NMR (400MHz, RT, CDCl3 Fig. 2.7)): δ (ppm) 7.40 (d, J = 7.3Hz, 4H), 7.23 (d, J =

5.9Hz, 2H),7.02 (d, J = 16.3Hz, 1H, vinyl-H), 6.98 (d, J = 16.3Hz, 1H, vinyl-H), 6.69 (s,
2H), 3.95-4.03 (m, 4H), 3.15 (d, JH-P = 21.7 Hz, 2H), 2.96 (s, 6H), 1.20–1.24 (t, J = 7.04
Hz 6H).
Like the previous anthracene and pyrene phosphonate, the most characteristic feature in
the 1H NMR spectrum of the dimethylamino phosphonate (Fig. 2.7) is the JH-P = coupling
constant at 3.15 ppm which is 21.7 Hz. Also, at 6.98 ppm and 7.02 ppm are the vinyl
protons with J = 16.3 Hz characteristic of the trans (E) configuration. The aromatic
protons are from the phenyl bridge. The precursor was used without further
characterization.
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(III) Aryl Phenylene-Vinylene Aldehydes
General Procedure for the 2 nd HWE Reaction
The synthesis of aldehydes of the general type Aryl-vpvp-CHO (K,L,M) were reacted as
follows: 1.0M Potassium tert-butoxide (t-BuOK) (1.1 equiv. per phosphonate group) was
added drop wise via a syringe over a period of 10-20min into a solution of aryl
phosphonate (Aryl-vp-CH2P=O(OEt)2 ) and excess 1,4-phthalaldehyde in dry THF(50
mL) under inert gas protection . The reaction mixture was allowed to stir at RT for 24
hrs, and extracted with water and brine (3 x15 mL). DCM or CHCl3 may be added during
the extraction to ensure complete separation. The organic phase was dried with
anhydrous NaHCO3 or MgSO4 and then concentrated. The residue was dissolved in a
minimum of CHCl3 and then precipitated in cold methanol to yield the products.
The most characteristic feature in the 1H NMR spectra of aryl oligo(phenylene-vinylene)
aldehydes is the proton of the aldehyde functional group observed downfield at around
10.0 ppm, the aromatic region resonances are all contributed by the vinyl, aryl group
(anthracene, or pyrene) and the phenylene-vinylene bridge; and as expected there are no
resonances in the aliphatic region. The precursors were all used without further
characterization.
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Precursor: An-vpvp-CHO [K]
An-vp-CH2P=O(OEt)2 (0.2604g, 0.61mmol), 1,4-phthalaldehyde (5.0 equiv. )(0.406g,
3.03mmol) and 1.0M t-BuOK (0.7mL 0.7mmol) were used; the product was a yellow
fluorescent solid 0.141g (Yield: 57%)
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Figure 2.8 1H NMR of precursor An-vpvp-CHO in CDCl3
1

H NMR (400MHz, RT, CDCl3 Fig. 2.8): δ (ppm) 10.0 (s, 1H, CHO), 8.34-8.41 (m, 3H),

7.87-8.03 (m, 4H), 7.46-7.48 (m, 9H), 7.18-7.33 (m, 3H), 6.94 (d, J = 16.6Hz, 2H, vinylH)
The aldehyde functional group is observed downfield at around 10.0 ppm and the
integration area was calibrated to one to find the total number of protons. Also, at 6.94
ppm are the vinyl protons with J = 16.6 Hz characteristic of the trans (E) configuration.
There is also a small amount of impurity as seen in the spectrum especially at around 8.6
ppm. The precursor was used without further characterization or purification.
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Precursor: Pyr-vpvp-CHO [L]
Pyr-vp-CH2P=O(OEt)2 (0.247g, 0.54mmol), 1,4-phthalaldehyde (5.0 equiv. )(0.364g,
2.71mmol) and 1.0M t-BuOK (0.6mL 0.6mmol) were used; the product was a yellow
fluorescent solid 0.139g (Yield: 59%)
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Figure 2.9 1H NMR of precursor Pyr-vpvp-CHO in CDCl3
1

H NMR (400MHz, RT, CDCl3 Fig. 2.9): δ (ppm) 9.99 (s, 1H, CHO), 8.51 (d, J = 9.3Hz,

1H), 8.34 (d, J = 8.1Hz, 1H), 7.96-8.26 (m, 7H), 7.88 (d, J = 7.9Hz, 2H), 7.53-7.71 (m,
5H), 7.17-7.38 (m, 4H), 6.95 (d, J = 13.4Hz, 1H, vinyl-H)
The aldehyde functional group is observed downfield at around 9.99 ppm and the
integration area calibrated to one to find the total number of protons. Also, to the right of
9.99 ppm is a small peak attributed most likely to be the unreacted phthalaldehyde. The
precursor was used without further characterization or purification.

44

Precursor: MNp-vpvp-CHO [M]
MNp-vp-CH2P=O(OEt)2 (0.1041g, 0.28mmol), 1,4-phthalaldehyde (5.0 equiv. )(0.187g,
1.39mmol) and 1.0M t-BuOK (0.3mL 0.31mmol) were used; the product was a yellow
fluorescent solid 0.043g (Yield: 43%)

Figure 2.10 1H NMR of aromatic region of precursor MNp-vpvp-CHO in CDCl3 showing
integrations
1

H NMR (400MHz, RT, CDCl3 Fig. 2.10): δ (ppm) 9.99 (s, 1H, CHO), 7.88 (d, J =

8.1Hz, 2H), 8.67 (d, J = 8.1Hz, 2H), 7.48-7.52 (m, 4H), 7.44 (d, J = 8.6Hz, 2H), 7.087.15 (dd, J = 15.9Hz, 2H, vinyl-H), 6.90-6.94 (dd, J = 16.2 Hz, 2H, vinyl-H), 6.73 (d, J =
8.6Hz, 2H), 3.0 (s, 6H).
The aldehyde functional group is observed downfield at around 9.99 ppm and the
integration area was calibrated to one to find the total number of protons. Also, not
shown here are the protons of the dimethyl amino in the aliphatic region at 3.0 ppm.
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The precursor was also supported by ESI MS: m/z calculated for MNp-vpvp-CHO
[C25H23NO+H] +: 354.1810, found: 354.1852(12 ppm difference in the positive ion
mode); acetonitrile was used as the carrier solvent.
2.3.3.2 Synthesis of Aryl-Oligo(Phenylene-Vinylene) Bipyridine Ligands15,16,17.
General Procedure for the 3 nd HWE Reaction
The synthesis of aryl- bipyridine ligands N, P, Q, R, S, T, U,V &W was carried out as
follows: 1.0M Potassium tert-butoxide (t-BuOK) (1.1 equiv. per phosphonate group) was
added drop wise via a syringe over a period of 10-20min into a solution of phosphonate
and aldehyde in dry THF (50 mL) under inert gas protection . The reaction mixture was
allowed to stir at RT for 24 hrs, and was then extracted with water and brine (3 x15 mL).
DCM or CHCl3 may be added during the extraction. The organic phase was dried with
anhydrous NaHCO3 or MgSO4 and then concentrated. The residue was dissolved in a
minimum of CHCl3 and then precipitated in cold methanol (hexane was used in
precipitation of ligands with vinyl linkages because they are slightly soluble in methanol)
to yield the products.
The most characteristic feature in the 1H NMR spectra of the ligands is the methyl in the
aliphatic around 2.5 ppm. The 1H NMR spectra of synthesized free aryl ligands show two
or more doublets expected for the olefinic protons; the vicinal coupling constants are
≈16Hz which are characteristic of E geometry. This is because of the Wittig-Horner
reaction methods used, which yield olefins with excellent E-selectivity.
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(I) Ligands of the General Type: Aryl-v-bpy
Ligand: An-v-bpy[N]
bpy-P=O(OEt)2 (0.30g, 0.94mmol), 9-anthraldehyde (0.212g 1.03mmol) and 1.0M tBuOK (1.1mL 1.1mmol) were used; the product was a yellow fluorescent solid 0.111g
(Yield: 32%)

Figure 2.11a 1H NMR of An-v-bpy in CDCl3 showing integration and proton assignments
1

H NMR (400MHz, RT, CDCl3 Fig. 2.11a): δ (ppm) 8.76 (d, J=5.0, Hz 1H), 8.68 (s, 1H),

8.59 (d, J=5.0, Hz 1H), 8.46 (s, 1H), 8.28–8.37 (m, 4H), 8.05 (m 2H), 7.56 (d, J=4.1Hz
1H), 7.49–7.51 (m, 4H), 7.19(d, J=4.4, 1H), 7.05 (d, J=16.6Hz 1H vinyl-H), 2.48(s, 3H).
The most characteristic feature in the 1H NMR spectrum is the methyl in the aliphatic
region (not shown) at 2.48 ppm , also around 8.3 ppm and at 7.05 ppm are the vinyl
protons with J = 16.6 Hz characteristic of the trans (E) configuration. The ligand
structure was also supported by ESI MS Figure 2.11b.
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Figure 2.11b ESI MS: m/z calculated for An-v-bpy [C27H20N2+H] +: 373.1699, found:
373.1650 (13 ppm difference in the positive ion mode); acetonitrile was used as the
carrier solvent.
Ligand: Pyr-v-bpy[P]
bpy-P=O(OEt)2 (0.12g, 0.38mmol), 1-pyrenecarboxaldehyde (0.086g 0.38mmol) and
1.0M t-BuOK (0.4mL 0.41mmol) were used; the product was a yellow fluorescent solid
0.1g (Yield: 67%)
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Figure 2.12a 1H NMR of ligand Pyr-v-bpy in CDCl3
1

H NMR (400MHz, RT, CDCl3 Fig. 2.12a): δ (ppm) 8.73(d, J=5Hz, 1H), 8.69(s, 1H),

8.63(d, J=5Hz, 1H), 8.53-8.57(dd, J=15.8Hz, vinyl-H, J =3.3Hz, 2H), 8.36(d, J=8.1Hz,
1H), 8.31(s, 1H), 8.18-8.23(m, 4H), 8.10(d, J=2.2Hz, 2H), 8.03(t, J=7.6Hz, 1H), 7.56(d,
J=4Hz, 1H), 7.41(d, J=16.1Hz, 1H, vinyl-H), 7.20(d, J=4.4Hz, 1H), 2.48(s, 3H).
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The most characteristic feature in the 1H NMR spectrum is the methyl in the aliphatic
region at 2.48 ppm for which the integration area was set to three to find the total number
of protons. Also, at 7.41 ppm are the vinyl protons with J = 16.1 Hz characteristic of
trans (E) configuration. The ligand structure was also supported by ESI MS Figure
2.12b.

Figure 2.12b ESI MS: m/z calculated for Pyr-v-bpy [C29H20N2+H] +: 397.1710, found:
397.1614(24 ppm difference in the positive ion mode); acetonitrile was used as the carrier
solvent.
Ligand: MNp-v-bpy[Q]
bpy-P=O(OEt)2 (0.27g, 0.85mmol), 4-(N,N-dimethylamino)benzaldehyde (0.13g
0.87mmol) and 1.0M t-BuOK (1mL,1mmol) were used; the product was a yellow
fluorescent solid 0.06g (Yield: 22%)
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Figure 2.13a 1H NMR of ligand MNp-v-bpy in CDCl3
1

H NMR (400MHz, RT, CDCl3 Fig. 2.13a): δ (ppm) 8.57 (t, J = 5.0Hz, 2H), 8.46 (s, 1H),

8.25 (s, 1H), 7.47 (d, J = 8.6Hz, 2H), 7.42 (d, J = 16.2Hz, 1H, vinyl-H), 7.34 (d, J =
5.0Hz, 1H), 7.16 (d, J = 5.0Hz, 1H), 6.94 (d, J = 16.2Hz, 1H, vinyl-H), 6.73 (d, J =
8.6Hz, 2H), 3.01 (s, 6H), 2.45 (s, 3H)
The most characteristic feature in the 1H NMR spectrum is the methyl at 2.45 ppm and
the protons at 3.01 ppm of dimethyl amino all in the aliphatic region, also at 7.42 ppm
and 6.94 ppm are the vinyl protons with J = 16.2 Hz characteristic of the trans (E)
configuration. The ligand structure was also supported by ESI MS Figure 2.13b.

Figure 2.13b ESI MS: m/z calculated for MNp-v-bpy [C21H21N3+H] +: 316.1808, found:
316.1786 (7 ppm difference in the positive ion mode); acetonitrile was used as the carrier
solvent.
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(II) Ligands of the General Type: Aryl-vpv-bpy
Ligand: An-vpv-bpy[R]
An-vp-CH2P=O(OEt)2 (0.149g, 0.35mmol), bpy-CHO (0.072g 0.36mmol) and 1.0M tBuOK (0.4mL 0.4mmol) were used; the product was a yellow fluorescent solid 0.035g
(Yield: 21%)
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Figure 2.14a 1H NMR of ligands An-vpv-bpy in CDCl3
1

H NMR (400 MHz, RT, CDCl3 Fig. 2.14a): δ (ppm) 8.67 (d, J=4.8, Hz 1H), 8.60 (d,

J=4.6, Hz 1H), 8.56 (s, 1H), 8.42 (s, 1H), 8.38 (d, J=5.6, Hz 2H), 8.28 (s, 1H), 7.97–8.04
(m, 3H), 7.64-7.72 (m 4H), 7.58 (d, J=19.0Hz 1H ), 7.48-7.49 (m, 4H), 7.42 (d, J=4.2, Hz
1H), 7.17-7.21(m, 2H),7.00(d, J=16.5Hz 1H vinyl-H), 2.47(s, 3H).
The most characteristic feature in the 1H NMR spectrum is the methyl in the aliphatic
region at 2.47 ppm for which the integration area was set to three to find the total number
of protons. Also, at 7.00 ppm is one vinyl resonance with J = 16.5 Hz, characteristic of
the trans (E) configuration. The ligand structure was also supported by ESI MS Figure
2.14b.
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Figure 2.14b ESI MS: m/z calculated for An-vpv-bpy [C35H26N2+H] +: 475.2169, found:
475.2056 (24 ppm difference in the positive ion mode); acetonitrile was used as the
carrier solvent.
Ligand: Pyr-vpv-bpy[S]
Pyr-vp-CH2P=O(OEt)2 (0.147g, 0.32mmol), bpy-CHO (0.067g 0.34mmol) and 1.0M tBuOK (0.4mL 0.4mmol) was used; the product was a yellow fluorescent solid 0.108g
(Yield: 67%)
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Figure 2.15a 1H NMR of ligand Pyr-vpv-bpy in CDCl3
1

H NMR (400MHz, RT, CDCl3 Fig. 2.15a): δ (ppm) 8.67 (d, J=5.0, Hz 1H), 8.60 (d,

J=4.9, Hz 1H), 8.55 (s, 1H), 8.53 (d, J=9.3Hz 1H), 8.36 (d, J=8.1Hz 1H), 8.24-8.28 (m,
2H), 8.14-8.20 (m, 4H), 8.07 (s, 2H), 8.01 (t, J=7.6 Hz, 1H), 7.73 (d, J=8.1 Hz, 2H), 7.64
(d, J=8.1 Hz, 2H), 7.52 (d, J=16.3Hz 1H vinyl-H), 7.35-7.41 (m, 2H), 7.16-7.20(m, 2H),
2.47(s, 3H)
The most characteristic feature in the 1H NMR spectrum is the methyl in the aliphatic
region at 2.47 ppm for which the integration area was set to three to find the total number
of protons, also at 7.52 ppm are the vinyl protons with J = 16.3 Hz characteristic of the
trans (E) configuration. The ligand structure was also supported by ESI MS Fig. 2.15b.

Figure 2.15b ESI MS: m/z calculated for Pyr-vpv-bpy [C37H26N2+H] +: 499.2169, found:
499.2285 (23 ppm difference in the positive ion mode); acetonitrile was used as the
carrier solvent.
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The ESI signal contained other peaks which could not be determined, possibly
correspond to background.
Ligand: MNp-vpv-bpy[T]
MNp-vp-CH2P=O(OEt)2 (0.097g, 0.26mmol), bpy-CHO (0.054g 0.27mmol) and 1.0M tBuOK (0.3mL 0.29mmol) were used; the product was a yellow fluorescent solid 0.022g
(Yield: 20%)
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Figure 2.16a 1H NMR of ligand MNp-vpv-bpy in CDCl3
1

H NMR (400MHz, RT, CDCl3 Fig. 2.16a): δ (ppm) 8.63 (d, J=5.0Hz 1H), 8.58 (d,

J=5.0Hz 1H), 8.51 (s, 1H), 8.26 (s, 1H), 7.49-7.54 (m, 4H), 7.42-7.47 (m, 3H), 7.38 (d,
J=4.2Hz 1H), 7.17 (d, J=4.5 Hz 1H),7.14 (d, J=4.1Hz 1H), 7.09 (d, J=4.1 Hz 1H), 6.94(d,
J=16.2 Hz 1H vinyl-H), 6.74(d, J=8.6 Hz 2H), 3.00(s, 6H), 2.46(s, 3H).
The most characteristic feature in the 1H NMR spectrum is the methyl at 2.46 ppm and
the protons at 3.00 ppm of the dimethyl amino all in the aliphatic region. Also, at 6.94
ppm is one vinyl resonance with J = 16.2 Hz characteristic of the trans (E) configuration.
The ligand structure was also supported by ESI MS Figure 2.16b.
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Figure 2.16b ESI MS: m/z calculated for MNp-vpv-bpy [C29H27N3+H] +: 418.2278,
found: 418.2171 (26 ppm difference in the positive ion mode). Acetonitrile was used as
the carrier solvent. The ESI signal is not as intense as with the other ligands (3000
counts). The other peaks in the spectrum correspond to background.
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(III) Ligands of the General Type: Aryl-vpvpv-bpy
Ligand: An-vpvpv-bpy[U]
An-vpvp-CHO (0.138g 0.34mmol), bpy-P=O(Et)2 (0.118g, 0.37mmol), and 1.0M tBuOK (0.4mL 0.41mmol) were used; the product was a yellow fluorescent solid 0.17g
(Yield: 87%)
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Figure 2.17a 1H NMR An-vpvpv-bpy in CDCl3
1

H NMR (400MHz, RT, CDCl3 Fig. 2.17a): δ (ppm) 8.82 (s, 1H), 8.70 (d, J=5.2, Hz 1H),

8.67 (d, J=5.0, Hz 1H), 8.52 (s, 1H), 8.42 (s, 1H), 8.36–8.38 (m, 2H), 8.02-8.04 (m, 2H),
7.99 (d, J=16.5Hz 1H vinyl-H), 7.58-7.70 (m, 9H), 7.47-7.50 (m, 5H), 7.33 (d, J=4.4, Hz
1H), 7.15-7.22 (m, 3H), 7.00(d, J=16.5Hz 1H vinyl-H), 2.56(s, 3H)
The most characteristic feature in the 1H NMR spectrum is the methyl in the aliphatic
region at 2.56 ppm for which the integration area was set to three to find the total number
of protons. Also, at 7.00 ppm is one vinyl resonance with J = 16.5 Hz, characteristic of
the trans (E) configuration. The ligand structure was also supported by ESI MS Figure
2.17b.
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Figure 2.17b ESI MS: m/z calculated for An-vpvpv-bpy [C43H32N2+H] +: 577.2638,
found: 577.2480 (27 ppm difference in the positive ion mode). Acetonitrile was used as
the carrier solvent. The other peaks in the spectrum (413.2510) correspond to
background.
Ligand: Pyr-vpvpv-bpy[V]
Pyr-vpvp-CHO (0.138g 0.32mmol), bpy-P=O(OEt)2 (0.112g, 0.35mmol), and 1.0M tBuOK (0.4mL 0.4mmol) were used; the product was a yellow fluorescent solid 0.17g
(Yield: 89%) 1H NMR (400MHz, RT, CDCl3): δ (ppm) 9.01 (s, 1H), 8.71-8.73 (m, 3H),
8.54 (d, J=9.3, Hz 1H), 8.36 (d, J=8.0, Hz 1H), 8.15-8.25 (m, 5H), 7.99-8.11 (m,
4H),7.52–7.78 (m, 8H), 7.36-7.43 (m, 2H), 7.15-7.22 (m, 3H), 6.91(d, J=16.5Hz 1H
vinyl-H), 2.62(s, 3H).
The most characteristic feature from the 1H NMR spectrum is the methyl at 2.62 ppm for
which the integration area was set to three to find the total number of protons. Also, at
6.91 ppm is one vinyl resonance with J = 16.5 Hz, characteristic of the trans (E)
configuration. The ligand structure was also supported by ESI MS Figure 2.18.
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Figure 2.18 ESI MS: m/z calculated for Pyr-vpvpv-bpy [C45H32N2+H] +: 601.2638,
found: 601.2492 (24 ppm difference in the positive ion mode); acetonitrile was used as
the carrier solvent. The ESI signal is not as intense as with the other ligands because the
solubility of the ligand in acetonitrile used as the carrier solvent is very low. The other
peaks in the spectrum correspond to background.
Ligand: MNp-vpvpv-bpy [W]
The precursor MNp-vpvp-CHO was reacted with bipyridine phosphonate [C] like with
the previous ligands of the general type Aryl-vpvpv-bpy. However, no product was
obtained after three attempts at synthesizing the desired ligand. A strategy to attempt in
the future is to react bpy-P=O(Et)2 with excess1,4-phthalaldehyde to make bpy-vp-CHO
which will then be reacted with the phosphonate MNp-vp-CH2P=O(OEt)2 to yield the
desired ligand MNp-vpvpv-bpy.
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2.3.4 Synthesis of Dialkoxy-Substituted Aryl-Oligo(Phenylene-vinylene) Bipyridine
Precursors and Ligands

Reagents and conditions for the reactions:
(i) 1-Bromododecane, KOH, Dimethyl sulfoxide (DMSO), 150°C, 12hrs, 71% (ii)
Paraformaldehyde (p-HCHO), HBr, HOAc, 70°C, 4hrs, 99% (iii) P(OEt)3, 100°C, 12hrs, 97% (iv)
t-BuOK, THF, RT, Argon, 24hrs. (xs) = 5x excess

Scheme 2.8 Synthesis of the mono functionalized, dialkoxy-substituted, π-conjugated
aryl-oligo(phenylene-vinylene) bipyridine ligands [VII] and [VIII].
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The synthesis of the π-conjugated mono-functionalized aryl bipyridine ligands linked by
2,5-bis(dodecyloxy)-p-phenylene-vinylene (Aryl-vpORv-bpy and Aryl-vpORvpv-bpy)
where aryl = anthracene, v = vinyl, p = phenyl, R= n-C12H25 and bpy = 2, 2’ bipyridine
were carried out through using successive, multistep Wittig-Horner condensation
reactions. The dialkoxy groups are expected to increase their solubility.
For the synthesis of the precursor compounds [I], [II] and [III], n-dodecyl bromide was
coupled with hydroquinone by heating in the presence of KOH in DMSO to give [I], and
then reacted with p-HCHO and HBr in acetic acid to give the bis-bromomethylated
compound [II]. The di-brominated intermediate product [II] should be completely dry
from methanol solvent used in the precipitation step before proceeding to heat it neat with
triethyl phosphite to obtain the corresponding bis-phosphonate [III]. The synthetic
scheme 2.8 details these procedures for the precursor compounds and ligands. The
Witting-Horner reactions are the same as those of aryl-oligo(phenylene-vinylene)
precursors and ligands.
The work-up procedure after Witting- Horner reaction of di-alkoxy-substituted aryloligo(phenylene-vinylene) precursors and ligands also involved washing with brine
solution and water. The precursors and ligands cannot be precipitated in cold methanol or
hexane as with previous synthesized aryl-oligo(phenylene-vinylene) compounds because
of their remarkable solubility. It was imperative to purify the compounds by column
chromatography using silica gel; ethyl acetate/hexane mixed solvents was used as eluents
with the nonpolar hexane solvent always being in the excess. The conjugated ligands are
all well-defined and possess all-trans structure. The 1H NMR spectra are given in figures
2.19-2.21 and details are explained for each experiment.
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2.3.4.1 Synthesis of Di-Alkoxy-Substituted Aryl-Oligo(Phenylene-vinylene)
Precursors
The synthesis of di-alkoxy functionalized precursor compounds were prepared by
modification of procedures in the dissertation of Xian-Yong Wang17 and published
procedures13,18,19,20.
1,4-bis(n-dodecyloxy)benzene: ( p(OR)2 [I] )
A suspension of 1,4-hydroquinone (19 g, 173 mmol), 1-bromododecane (99 g, 397mmol,
2.3equiv.) and KOH (52g, 927 mmol, 5.4equiv.) in 250 mL of dimethyl
sulfoxide (DMSO) was heated overnight at around 150°C while stirring under nitrogen
atmosphere. The resulting mixture was poured into water 250mL, and then cold methanol
(900mL) was added to precipitate the product which was collected by filtration. Further
purification was done by recrystallizing the solid twice in cold methanol (300mL) to give
the title product compound as a white solid (Yield 55g, 71%) 1H NMR (400MHz, RT,
CDCl3): δ (ppm) 6.82 (s, 4H, aromatic); 3.89 (t, 4H, J = 6.6Hz, -OCH2-); 1.75 (q, 4H, J =
7.0Hz); 1.43 (q, 4H, J = 7.0Hz); 1.26 (m, 32H); 0.88 (t, 6H, J = 7.0Hz, -CH3).
1,4-bis(bromomethyl)-2,5-bis(n-dodecyloxy)benzene: (p(OR)2(CH2Br)2 [II])
p(OR)2 (55g, 123mmol ), paraformaldehyde (18.5g, 616mmol, 5.0equiv.), hydrobromic
acid solution (100mL, 33 wt. % in acetic acid), and glacial acetic acid 100mL in a 500mL
round bottom flask was stirred for 4hrs at 70°C . The reaction mixture was then cooled to
room temperature and poured into large excess of water (500mL) to form a white
precipitate which was then collected and further purified by re-precipitation from
methanol (500mL) which then gave the title product as a white loose solid. The product
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should be dried completely free from methanol before subsequent reactions. (Yield 76.8g,
99%) 1H NMR (400MHz, RT, CDCl3): δ (ppm) 6.83 (s, 2H, aromatic); 4.50 (s, 4H, CH2Br); 3.96 (t, 4H, J = 6.4Hz, -OCH2-); 1.79 (q, 4H, J = 7.0Hz); 1.47 (q, 4H, J =
7.0Hz); 1.24 (m, 32H); 0.86 (t, 6H, J = 7.0Hz, -CH3).
Precursor: p(OR)2(CH2P=O(OEt)2)2 [III]
This compound was prepared by following a procedure in Xian-Yong Wang’s
dissertation17 p(OR)2(CH2Br)2 (36.4 g, 57.5 mmol) and triethylphosphite (~ 60mL, 361
mmol 6.3equiv.) were heated neat under argon atmosphere at 100 oC for 12 hrs. The
solution was then allowed to cool to RT and cold petroleum ether (100mL) was added
and cooled in the freezer for two hours to form a precipitate, it was then filtered,
triturated slowly with cold petroleum ether (20mL), and dried under vacuum to obtain a
white solid (41.6g, Yield: 97%). 1H NMR (400MHz, RT, CDCl3): δ (ppm) 6.90 (s, 2H,
aromatic); 4.01 (m, 8H, -OCH2-); 3.91 (t, 4H, J = 6.4Hz, -OCH2-); 3.24 (t, 4H, JH-P =
20.2Hz, -CH2P=O(OEt)2); 1.75 (q, 4H, J = 7.0Hz); 1.43 (q, 4H, J = 7.0Hz); 1.25-1.29 (m,
32H); 1.23 (t, 12H, J = 7.0Hz); 0.88 (t, 6H, J = 7.0Hz, -CH3).
Precursor: An-vp(OR)2-CH2P=O(OEt)2 [IV]
The synthesis of phosphonate An-vp(OR)2-CH2P=O(OEt)2 was performed as follows:
1.0M Potassium tert-butoxide (t-BuOK) (4.0mL 3.9mmol, 1.1 equiv. per 9anthraldehyde) was added drop wise via syringe over 10-20min into a solution of 9anthraldehyde (0.736g, 3.57mmol) and excess p(OR)2(CH2P=O(OEt)2)2 (12.0g,
16.06mmol, 4.5 equiv. per 9-anthraldehyde) in dry THF (50mL) under Nitrogen gas
protection . The reaction mixture was allowed to stir at RT for 48 hrs and extracted with
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water and brine (3 x15 mL). DCM or CHCl3 may be added during the extraction process
to ensure complete separation. The organic phase was dried with anhydrous NaHCO 3 and
then concentrated. The residue was separated by column chromatography using silica gel;
ethyl acetate/hexane (1:4v/v) and the product was obtained as the second fluorescent
band. After concentrating, the product was yellow fluorescent oil 1.42g (Yield: 50%)

Figure 2.19 1H NMR of An-vp(OR)2-CH2P=O(OEt)2 in CDCl3 showing proton
assignments.
1

H NMR (400MHz, RT, CDCl3 Fig. 2.19): δ (ppm) 8.40-8.43 (m, 2H); 8.38 (s, 1H); 7.99-

8.02 (m, 2H); 7.92 (d, J = 16.6Hz, 1H, vinyl-H); 7.45-7.50 (m, 5H); 7.22 (d, J = 16.6Hz,
1H, vinyl-H); 7.02 (s, 1H); 4.08-4.13 (m, 4H, -OCH2CH3); 4.05 (t, 2H, J = 6.4Hz, OC12H25); 4.00 (t, 2H, J = 6.4Hz, -OC12H25); 3.29 (t, 2H, JH-P = 21.9Hz, CH2P=O(OEt)2); 1.80-1.87 (m, 2H); 1.71-1.78 (m, 2H); 1.47-1.54 (m, 2H); 1.36-1.40 (m,
2H); 1.25-1.32 (m, 32H); 1.15-1.20 (m, 6H); 0.85-0.88 (m, 6H, -CH3)

63

The most characteristic feature in the 1H NMR spectrum of the anthracene phosphonate
derivative is the JH-P = coupling constant at 3.29 ppm which is 21.9 Hz. Also at 4.08 ppm,
and 4.05 ppm are two protons each contributed by alkoxy methylene protons attached to
the oxygen atom and lastly at 7.92 ppm and 7.22 ppm are the vinyl protons with J = 16.6
Hz characteristic of the trans (E) configuration. The precursor was used without further
characterization.
Precursor: An-vp(OR)2vp-CHO [VI]
The synthesis of alkoxy functionalized anthracene phenylene- vinylene aldehyde, Anvp(OR)2vp-CHO was performed as follows: 1.0M Potassium tert-butoxide (t-BuOK)
(2.0mL, 2.0mmol, 1.1 equiv. per phosphonate group) was added drop wise via a syringe
over 10-20min into a solution of the anthracene alkoxy-mono-phosphonate, An-vp(OR)2CH2P=O(OEt)2 (1.474g, 1.84mmol ) and excess 1,4-phthalaldehyde (1.24g, 9.22mmol,
5.0 equiv.) in dry THF(20 mL) under a nitrogen gas blanket. The reaction mixture was
allowed to stir at RT for 48 hrs, and extracted with water and brine (3 x15 mL). DCM or
CHCl3 may be added during the extraction to ensure complete separation. The organic
phase was dried with anhydrous NaHCO3 and then concentrated. The residue was
separated by column chromatography using silica gel and ethyl acetate/hexane (1:7v/v) as
eluent after concentrating, the product was an orange fluorescent oil 0.862g (Yield: 60%)
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Figure 2.20 1H NMR of precursor An-vp(OR)2vp-CHO in CDCl3
1

H NMR (400MHz, RT, CDCl3 Fig. 2.20): δ (ppm) 9.92 (s, 1H, CHO); 8.32-8.36 (m,

3H); 7.93-7.97 (m, 3H); 7.79 (d, J = 8.0Hz, 2H); 7.60-7.64 (m, 3H); 7.39-7.41 (m, 4H);
7.26 (s, 1H); 7.20 (d, J = 16.6Hz, 1H, vinyl-H); 7.13 (d, J = 16.6Hz, 1H, vinyl-H); 7.11
(s, 1H); 4.06 (t, 2H, J = 6.4Hz, -OC12H25); 3.99 (t, 2H, J = 6.4Hz, -OC12H25); 1.83-1.86
(m, 2H); 1.70-1.74 (m, 2H); 1.48-1.51 (m, 2H); 1.31-1.36 (m, 2H); 1.09-1.17 (m, 32H);
0.78-0.81 (m, 6H, -CH3)
The most characteristic features in the 1H NMR spectrum of the anthracene aldehyde are
the aldehyde functional group observed downfield at 9.92 ppm for which the integration
area was set to one to find the total number of protons. Protons contributed by the alkoxy
group methylene protons attached to oxygen atoms at 4.06 and 3.99 ppm and lastly, at
7.20 ppm and 7.13 ppm are the vinyl protons with J = 16.6 Hz characteristic of the trans
(E) configuration. The precursor was used without further characterization.
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2.3.4.2 Synthesis of Di-Alkoxy-Substituted Aryl-Oligo(Phenylene-vinylene) Ligands
The synthesis of di-alkoxy functionalized anthracene bipyridine ligands [VI] and [VII]
was performed as follows: 1.0M Potassium tert-butoxide (t-BuOK) (1.1 equiv. per
phosphonate group) was added drop wise via a syringe over 10-20min into a solution of
phosphonate and aldehyde in dry THF (20 mL) under nitrogen gas protection . The
reaction mixture was allowed to stir at RT for 48 hrs, and extracted with water and brine
(3 x15 mL). DCM or CHCl3 may be added during the extraction to ensure complete
extraction. The organic phase was dried with anhydrous NaHCO3 and then concentrated.
The residue was separated by column chromatography using silica gel and ethyl
acetate/hexane (1:5v/v) as eluent as the second band. After concentrating, the product
was yellow fluorescent oil. The 1H NMR of ligands is shown by figure 2.21
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Ligand: An-vp(OR)2v-bpy[VII]
An-vp(OR)2-CH2P=O(OEt)2 (1.359g, 1.7mmol), bpy-CHO (0.37g 1.87mmol) and 1.0M
t-BuOK (1.9mL 1.9mmol) were used; the product was a yellow fluorescent oil 0.6304g
(Yield: 44%) 1H NMR (400MHz, RT, CDCl3 Fig. 2.21-top): δ (ppm) 8.56 (d, J=4.8, Hz
1H); 8.49 (d, J=4.8, Hz 1H); 8.43 (s, 1H); 8.31-8.35 (m, 3H); 8.19 (s, 1H); 7.92–7.96 (m,
3H); 7.72 (d, J=16.5Hz 1H vinyl-H); 7.38-7.40 (m, 6H); 7.22-7.25 (m, 1H); 7.16-7.19
(m, 1H); 7.11(s, 1H); 7.06 (s, 1H); 4.05 (t, 2H, J = 6.4Hz, -OC12H25); 3.98 (t, 2H, J =
6.4Hz, -OC12H25); 2.37(s, 3H, bpy-CH3); 1.84 (m, 2H); 1.71 (m, 2H); 1.49 (m, 2H); 1.35
(m, 2H); 1.09-1.18 (m, 32H); 0.78 (m, 6H, -CH3). ESI MS: m/z calculated for Anvp(OR)2v-bpy [C59H74N2O2+H] +: 843.5829, found: 843.5935 (13 ppm difference in the
positive ion mode); acetonitrile was used as the carrier solvent.
Ligand: An-vp(OR)2vpv-bpy[VIII]
An-vp(OR)2vp-CHO (0.713g 0.915mmol), bpy-P=O(OEt)2 (0.2724g, 0.85mmol), and
1.0M t-BuOK (2.0mL 2.0mmol) were used; the product was a yellow fluorescent oil
0.6838g (Yield: 85%) 1H NMR (400MHz, RT, CDCl3 Fig. 2.21-bottom): δ (ppm) 8.56
(d, J=5.0, Hz 1H); 8.50 (d, J=4.8, Hz 1H); 8.46 (s, 1H); 8.32-8.37 (m, 3H); 8.19 (s, 1H);
7.90–7.94 (m, 3H); 7.48-7.53 (m, 5H); 7.37-7.41 (m, 6H); 7.29 (d, J=4.4, Hz 1H); 7.04
(m, 5H); 4.05 (t, 2H, J = 6.4Hz, -OC12H25); 4.00 (t, 2H, J = 6.4Hz, -OC12H25); 2.37(s, 3H,
bpy-CH3); 1.84 (m, 2H); 1.71 (m, 2H); 1.50 (m, 2H); 1.35 (m, 2H); 1.09-1.17 (m, 32H);
0.79 (m, 6H, -CH3). ESI MS: m/z calculated for An-vp(OR)2vpv-bpy [C67H80N2O2+H] +:
945.6298, found: 945.6441 (15 ppm difference in the positive ion mode); acetonitrile was
used as the carrier solvent.
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Figure 2.21 1H NMR of ligands An-vp(OR)2v-bpy and An-vp(OR)2vpv-bpy in CDCl3
The most characteristic feature from the 1H NMR spectra is the methyl at 2.37 ppm from
the bipyridine for which the integration area was set to three to find the total number of
protons. Also, at 4.05 ppm and 3.98 ppm are two protons each contributed by alkoxy
methylene protons attached to the oxygen atoms.
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2.4 Photophysical Properties
2.4.1 Photophysical Properties of Aryl-Oligo(phenylene-vinylene) Bipyridine
Ligands
The photophysical properties measured include the fluorescence quantum yield, UV-Vis
absorption, room temperature (RT) and 77K emission spectra, and fluorescence lifetimes.
2.4.1.1 Photoluminescence Quantum Yield Measurements
The equation used in measuring emission quantum yield is as shown below21,22:
𝐼
𝐴
ᶯ
2
Ф𝑢𝑛𝑘 = Ф𝑠𝑡𝑑 ( 𝑢𝑛𝑘 ) ∗ ( 𝑠𝑡𝑑 ) ∗ ( 𝑢𝑛𝑘 )
𝐴𝑢𝑛𝑘
𝐼𝑠𝑡𝑑
ᶯ𝑠𝑡𝑑
Where: Ф𝑢𝑛𝑘 is the radiative quantum yield of the sample, Ф𝑠𝑡𝑑 is the radiative quantum
yield of the standard, 𝐼𝑢𝑛𝑘 and 𝐼𝑠𝑡𝑑 are the integrated photoluminescence intensities of
the sample and standard respectively, 𝐴𝑢𝑛𝑘 and 𝐴𝑠𝑡𝑑 are the absorbances of the sample
and standard respectively at the known excitation wavelength and ᶯ𝑢𝑛𝑘 and ᶯ𝑠𝑡𝑑 are
the indexes of refraction of the sample and standard solutions, respectively.
The article titled: “Reference materials for fluorescence measurement” by Eaton 23was
used in choosing standards for quantum yield measurements. The standards used in our
studies are 9,10-diphenylanthracene Ф=1) and quinine sulfate Ф= 0.546) for these
ligands.
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2.4.1.2 Absorption, Room Temperature and 77K Emission Measurements
The electronic absorption and emission spectra of aryl-oligo(phenylene-vinylene)
bipyridine ligand in chloroform solutions are shown in Figures 2.24-25 for both
anthracene and pyrene containing ligands respectively. The spectral photophysical data
are summarized in Table 2.1 page 76.
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Figure 2.22 UV-Vis Absorption spectra

Figure 2.23 UV-Vis Absorption spectra

of anthracene ligands: An-v-bpy, An-vpv-

of pyrene ligands: Pyr-v-bpy, Pyr-vpv-

bpy, and An-vpvpv-bpy

bpy, and Pyr-vpvpv-bpy

The electronic absorption of all the ligands are strong and broad; all ligands have
absorption in the UV and visible that can be attributed to a π-π* transition for the
bipyridine portion (270-300nm) and an intra-ligand charge transfer transition (350-450
nm) for the aryl part where aryl is either anthracene or pyrene.
The room temperature long wavelength absorption maxima for anthracene containing
ligands with increasing conjugation are 390 392 and 398. For the pyrene containing
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ligands the maxima are 382, 400 and 414 for Pyr-v-bpy, Pyr-vpv-bpy, and Pyr-vpvpvbpy respectively.
The bathochromic shift is observed as predicted, increasing with increasing conjugation
and is more pronounced in pyrene containing ligands than in anthracene ligands.
There is also an absorption band at around 340nm observed for the ligands An-vpv-bpy
and Pyr-vpv-bpy of anthracene and pyrene containing ligands respectively. They are
second in the series and contain one phenylene-vinylene unit as a spacer, and it is more
evident in the anthracene containing ligand than in the pyrene ligand. A similar
absorption feature is seen with the related di-alkoxy-substituted derivative of ligand Pyrvp(OR)2v-bpy11 .
The dependence of electronic absorption of aryl containing bipyridine ligands of either
anthracene or pyrene with solvent polarity was not observed which is indicative of the
absence of significant charge transfer characteristics in the absorption transition11.
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Figure 2.24a Normalized emission
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Figure 2.25 77K Emission spectra of aryl-oligo(phenylene-vinylene) bipyridine
ligands An-vpv-bpy, An-vpvpv-bpy, Pyr-vpv-bpy, and Pyr-vpvpv-bpy in a 2-MeTHF
glass
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All the ligands show strong fluorescence in solvent as shown by their quantum yields.
For the anthracene containing ligands, the quantum yields are 0.25, 0.41, and 0.08 with
increasing conjugation respectively. The pyrene ligand quantum yields are 0.75, 0.87, and
0.69 with increasing conjugation. From this information, the emission yields for pyrene
containing ligands are higher than those of corresponding anthracene ligands.
The RT emission maxima obtained with excitation at the absorption maximum for
anthracene ligands with increasing conjugation are 479, 510, and 475 nm and, for the
pyrene ligands are 454, 485, and 485-500 nm (broad), a strong bathochromic shift is
observed when transitioning from -v- to –vpv- bridge than from -vpv- to –vpvpv- bridge
(where v is vinyl and p is phenyl) in the phenylene-vinylene bridge.
For 77 K emission measurements in a 2-Methyltetrahydrofuran glass, the anthracene
ligands An-vpv-bp and An-vpvpv-bpy are 503 nm and 505 nm respectively, and for
pyrene ligands Pyr-vpv-bp and Pyr-vpvpv-bpy they are 490nm and 507 nm respectively.
The spectra all show structured emission, unlike the RT emission. The 77 K emission
maximum increases (bathochromic shift) with an increase in conjugation for each of the
two set of ligands.
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2.4.1.3 Lifetime Measurements
The lifetime of two anthracene containing ligands An-vpv-bpy and An-vpvpv-bpy was
measured using time correlated single photon counting (τTCSPC) measurements.
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Figure 2.26 TCSPC lifetimes and single exponential lifetime analysis of anthracene
oligo(phenylene-vinylene) bipyridine ligands in chloroform
The fluorescence lifetimes in chloroform are single exponential and short lived, they are
in the nanosecond regime, [R] is 1.82 ns and [U] is 0.67 ns which are in the same range
as aryl bipyridine ligands reported in the literature11.
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2.4.1.4 Emission of Ligand Pyr-vpvpv-bpy [V] Excited at Different Wavelengths
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Figure 2.27 Emission spectra of pyrene ligand Pyr-vpvpv-bpy after excitation of the
same solution at different wavelengths

Some ligands like Pyr-vpvpv-bpy (Figure 2.27) were found to have emission maxima
that are dependent on the excitation wavelength used. This might be attributed to some
degree to cis isomer in the ligands due to the presence of a number of multiple –C=C–
double bonds
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2.4.2 Photophysical Properties of Di-alkoxy-substituted Aryl-Oligo(phenylenevinylene) Bipyridine Ligand
2.5.2.1 Absorption and Room Temperature Emission Measurements
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Figure 2.28 UV-Vis Absorption spectra

Figure 2.29 Emission spectra ligand: An-

of ligand: An-vp(OR)2v-bpy and An-

vp(OR)2v-bpy and An-vp(OR)2vpv-bpy

vp(OR)2vpv-bpy

after excitation at absorption maximum.

The room temperature absorption maximum for the di-alkoxy-substituted anthracene
ligands An-vp(OR)2v-bpy and An-vp(OR)2vpv-bpy are 408 nm and 416 nm respectively,
they show a bathochromic shift of approximately 16nm and 18nm respectively compared
to the un-substituted anthracene ligands presumably due to due to the electronic donating
effect of the alkoxy groups24.
The room temperature emission maximum for di-alkoxy-substituted anthracene ligands
An-vp(OR)2v-bpy and An-vp(OR)2vpv-bpy are 529 nm and 487 nm respectively, they
show a bathochromic shift of approximately 19 nm and 12 nm respectively compared to
the un-substituted anthracene ligands. Also, as with the un-substituted anthracene ligands,
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the same trend was observed in that an increase in conjugation did not necessarily
increase the RT emission maximum values but a decrease was observed instead.
Table 2.1 Summary of photophysical properties of aryl-oligo(phenylene-vinylene)
bipyridine ligands
Ligand
(v=vinyl; p=phenyl; An=
anthracene;
Pyr=pyrene; bpy=2,2'bipyridine)

Abs.
λmax(nm)
in CHCl3

Ems.
λmax(nm)
in CHCl3

Фfl

390

479

0.25

77K
λmax(nm)
in mTHF

N

An-v-bpy

R

An-vpv-bpy

344, 392

510

0.41

503

U

An-vpvpv-bpy

376, 398

475

0.08

505

P

Pyr-v-bpy

290, 382

454

0.75

S

Pyr-vpv-bpy

286,338, 400

0.87

490

V

Pyr-vpvpv-bpy

414

485
485-500
(broad)

0.69

507

VII

An-vp(OR)2v-bpy

408

529

0.28

VIII

An-vp(OR)2vpv-bpy

416

487

0.23

The abbreviations used above are as follows: Abs. is absorption; Ems. is emission at
room temperature after excitation at Abs. maximum; Фfl is fluorescence quantum yield; τ
is lifetime; (τSPC) is lifetime by single photon counting; mTHF is 2Methyltetrahydrofuran solvent; CHCl3 is chloroform.
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2.4.3 Solvatochromism of Dimethyl Amino-Oligo(phenylene-vinylene) Bipyridine
Ligand
MNp-vpv-bpy [T]
This ligand is closely related to terpyridine ligand MNp-vp-tpy studied earlier by S.
Vaidya25. It has a strongly activating electron donating group (EDG) –N(CH3)2 and, as
with the terpyridine ligand studied by Vaidya, the bipyridine ligand is also very
solvatochromic upon excitation. The emission maximum in hexane is 472 nm and the
emission in acetonitrile is 607 nm (Figure 2.31-2.32). However, a hypsochromic shift
was observed in the UV-Vis absorption from hexane 444 nm to acetonitrile 392 nm
(Figure 2.30). The emission quantum yield was in the range of 0.12 – 0.52 (Table 2.2). In
the non-polar solvent hexane, structured absorption and emission was observed but in
polar solvents like acetonitrile, the vibronic structure disappeared and a single broad
maximum was observed. The system also shows an increase in Stokes shift as the
polarity of the solvent increases for each individual solvent used relative to its
corresponding UV-Vis absorption maximum.
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Figure 2.30 UV-Vis Absorption spectra of dimethyl amino ligand MNp-vpv-bpy,
showing hypsochromic shift in different solvents at RT
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Figure 2.31 Emission spectra of dimethyl amino ligand MNp-vpv-bpy, showing
bathochromic shift in different solvents at RT
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Figure 2.32 Photo taken showing different emission colors (solvatochromism) after
irridiating MNp-vpv-bpy with a green laser pointer in solvents with various polarity 1-4
(refer to Table 2.2)
Table 2.2 Absorption and emission maxima of dimethyl amino bipyridine ligand MNpvpv-bpy [T] in different solvents at room temperature showing solvatochromism
Solvent

Absorption
(nm, λmax)
444, 418

Emission
(nm, λmax)
472, 441

Фfl
0.12

1

Hexane

2

Chloroform

402

542

0.53

3

Dichloromethane

402

566

0.49

4

Acetone

396

597

-

5

Acetonitrile

392

607

0.21

Quinine sulfate with quantum yield of 0.546 was used as the reference standard for
measuring fluorescence quantum yield (Фfl) of MNp-vpv-bpy. All solutions except
acetone solutions were absorbance matched and then excited at 310 nm.
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MNp-vpv-bpy [T] contains a π-donor substituent, Me2N- and the bipyridine is an electron
accepting component. The excited state has a π- π* state and a Me2N to bpy intra-ligand
charge transfer (ILCT).The structured emission seen in hexane suggest that the emission
originates from the localized π- π* state25,26.

Figure 2.33 Energy state diagram and potential energy curves for the ground state and an
excited state.
There is inversion of states in both polar and non-polar solvents. The greater distortion of
ILCT excited state in more polar solvents results in blue shift of absorbance and red shift
of emission.
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2.5 Conclusions
A series of new aryl-oligo(phenylene-vinylene) bipyridine ligands were synthesized by
conventional organic reactions. Among the methods used were the Michaelis-Arbuzov
reaction of alkyl halides with triethylphosphite, the Riley selenium oxidation of
bipyridine, and repetitive synthesis using the Wittig-Horner reaction with potassium tertbutoxide as base. The yields were modest to nearly quantitative for both the precursors
and final ligand compounds.
The structures of precursors and ligands were characterized by 1H NMR, ESI-MS
spectroscopy and inference from the elemental analysis results of rhenium(I) carbonyl
complexes coordinated to the synthesized ligands (refer chapter 3).
The photophysical studies of ligands included UV-Vis absorption, room temperature and
77K emission, and lastly their quantum yields of emission. Trends were observed with
the increase in conjugation and effects of di-alkoxy substitution of one phenyl ring in
aryl-oligo(phenylene-vinylene) bipyridine ligands. Solvatochromism of dimethyl amino
substituted phenylene-vinylene bipyridine ligand was also studied.
The synthesized ligands provide a new set of ligands which can be used to coordinate to
transition metals for different applications based on the photophysical properties of the
complexes. The new aryl-oligo(phenylene-vinylene) bipyridine ligands will be used here
to coordinate with rhenium carbonyl for potential applications as reverse saturable
absorbers (see chapter 4)
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Chapter 3.0 Chromium (III) and Rhenium (I) Complexes Synthesis and
Characterization
3.1 Introduction
This chapter discusses the synthesis and characterization of chromium (III) and rhenium
(I) complexes of aryl-oligo(phenylene-vinylene) bipyridine ligands. Cr(III) complexes
are known to have weakly absorbing d-d absorption transitions and they therefore present
opportunity to be used in making a reverse saturable absorber (RSA) materials sensitive
in the 500-800nm range. It is for this reason that Cr(III) complexes were synthesized. The
new aryl phenylene-vinylene bipyridine ligands (chapter 2) were reacted with Cr(III)
chloride to make cis-di-chloro-bis(aryl (phenylene-vinylene bipyridine) chromium(III)
complexes. The cis-Cr(III) complexes obtained have very short excited state lifetimes and
very weak excited state absorption (ESA) not making them ideal for RSA.
Attempts to coordinate aryl-oligo(phenylene-vinylene) bipyridine ligand as the third
ligand in cis-Cr(III) triflate dipyridyl complexes of bpy, Me2bpy and Phen were then
pursued but proved to be challenging. The tris-bipyridyl analogues are known to have
long excited state lifetimes in the microsecond (μs) range1
Also, the new aryl bipyridine ligands were reacted with rhenium pentacarbonyl chloride
to yield facial rhenium (I) tri-carbonyl of aryl phenylene-vinylene bipyridine complexes
which also have weak ground state absorption at long wavelength 500-800 nm, long
excited state lifetimes and strong ESA making them good candidates for RSA purposes.
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3.1.1 Chromium (III) Metal Complexes: Synthesis and Characterization
The method of preparing cis-dichlorobis(dipyridyl) chromium (III) complexes first
appeared in 1952 by Burstall and Nyholm and in 1988 Endicott was able to show how to
substitute the cis-chlorides with triflate using triflic acid in chromium complexes
coordinated to dipyridyl ligands2. These triflate chromium complexes have proved to be
useful synthetic intermediates for reactions to obtain heteroleplic dipyridyl chromium
complexes.
The trifluoromethanesulfonate anion (CF3SO3-, triflate) contains CF3, one of the strongest
electron-withdrawing groups. In organic chemistry, nucleophilic substitution reactions
involving triflate have found use since the triflate ion is an excellent leaving group3. The
same excellent leaving nature of the triflate anion has been shown for triflate coordinated
in metal complexes and this was first shown for chromium dipyridyl complexes in 2001
by Kane-Maguire4and opened the way for synthesis of [Cr(dipyridyl)3]3+ heteroleptic
complexes. The lability of the triflate anion provides facile routes to a range of triheteroleptic bipyridine chromium (III) complexes via substitution reactions by stronger
ligands and, unlike metal complexes coordinated to the perchlorate anion (OClO 3-), metal
complexes coordinated to triflate anions (OSO2CF3-) are not explosive.
Most Cr(III) complexes are paramagnetic and this property makes them difficult to
obtain 1H NMR ( I was only able to get the NMR of cis-[Cr(bpy)2(CF3SO3)2]CF3SO3
complex). ESI-MS was therefore indispensable for tracking the progress of reactions and
characterization.
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Synthesis of [Cr(N-N)3]3+ Metal Complexes

Reagents and conditions for the reactions:
(Step 1) Zn Catalyst, Reflux, 1 hr., under Nitrogen, Solvent: Either Methanol, Ethanol or 2Methoxyethanol (Step 2) Triflic acid (CF3SO3H), RT (stir), 24 hrs, under Nitrogen (Step 3) dry
DCM, Reflux, ~24-48 hrs

Scheme 3.1 Summary of reactions steps and conditions for the synthesis of various Cr(III)
polypyridyl complexes.
To make the precursors for coupling of the aryl-oligo(phenylene-vinylene) bipyridine
ligands and to get accustomed to the synthesis of chromium polypyridyl chemistry; the
cis-chloride, cis-triflate and homoleptic dipyridyl chromium complexes of 2,2'-bipyridine
(bpy), 4,4'-dimethyl-2,2'-bipyridine (Me2bpy) and 1,10-Phenanthroline (phen) were
synthesized as shown in (scheme 3.1). In addition, the photophysical properties of the
complexes were studied1.
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The acquired synthetic skills were applied to the synthesis of chromium complexes of the
synthesized aryl bipyridine ligands. Only the cis-cholo complexes (figure 3.1) could be
prepared.
The next attempt was to coordinate the cis-triflate chromium complexes of bpy, me2bpy
and Phen to the aryl bipyridine ligands. Various reactions conditions were altered
(solvent, temperature, reaction time) but no tris product was obtained. However, in one of
the reactions there was a small evidence in the ESI-MS spectrum for formation of the
[Cr(Phen)2(An-vpvpv-bpy)](CF3SO3)3 complex as shown in (figure 3.4). However most
of the aryl bipyridine ligand and triflate complex precursor starting materials remained
unreacted.
3.1.2 Synthesis of cis-Chloro Chromium Complexes of Anthracene-oligo(phenylenevinylene) Bipyridine Ligands
cis-[Cr(An-v-bpy)2Cl2]Cl [9]
This complex was synthesized using similar synthesis to chromium complexes with
dipyridyl ligands1. Solid anhydrous CrCl3 (4.7mg, 0.03mmol), An-v-bpy (22mg,
0.06mmol, 2.0equiv) and a trace amount of zinc dust ~1mg in 5mL of absolute ethanol
was heated to reflux for 3hrs resulting in a dark-brown mixture which was allowed to
cool to room temperature to form a precipitate. The mixture was collected by filtration
washed with cold absolute ethanol and dried in vacuum to give a red solid product.
(20mg, yield 74%)
ESI MS: m/z of cis-[Cr(An-v-bpy)2Cl2]Cl calculated for [C54H40Cl2CrN4] +: 866.2032,
found: 866.2020 (1.4 ppm difference in the positive ion mode); acetonitrile was used as
the carrier solvent.
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cis-[Cr(An-vpv-bpy)2Cl2]Cl [10]
The same procedure as above was used for the synthesis of complex [10]. Solid
anhydrous CrCl3 (1.9mg, 0.012mmol), An-vpv-bpy (14mg, 0.024mmol, 2.0equiv) and a
trace amount of zinc dust ~1mg in 5mL of 2-methoxyethanol was heated at reflux for
2hrs. The mixture was allowed to cool to room temperature to form a precipitate. The
mixture was collected by filtration, washed with 2-methoxyethanol and dried in vacuum
to give a red solid product. (12.3mg, yield 78%) ESI MS: m/z of cis-[Cr(An-vpvbpy)2Cl2]Cl calculated for [C70H52Cl2CrN4] +: 1072.2972, found: 1072.2916 (5.2 ppm
difference in the positive ion mode); acetonitrile was used as the carrier solvent.

Figure 3.1 ESI MS of chromium cis-chloro complexes coordinated to anthraceneoligo(phenylene-vinylene) bipyridine ligands. Calculated for cis-[Cr(An-v-bpy)2Cl2]Cl
[C54H40Cl2CrN4] +: 866.2032, found: 866.2020 (1.4 ppm); and cis-[Cr(An-vpvbpy)2Cl2]Cl [C70H52Cl2CrN4] +: 1072.2972, found: 1072.2916 (5.2 ppm difference in the
positive ion mode); acetonitrile was used as the carrier solvent. The peak at 474.2066 in
the bottom spectrum is for the unreacted An-vpv-bpy ligand.
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Figure 3.2 ESI MS: m/z of Chromium complex cis-[Cr(An-v-bpy)2Cl2]Cl showing actual
isotopic distribution and calculated isotopic distribution.

Figure 3.3 ESI MS: m/z of Chromium complex cis-[Cr(An-vpv-bpy)2Cl2]Cl showing
actual isotopic distribution and calculated isotopic distribution.
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Figure 3.4 ESI MS: m/z showing evidence for the formation of [Cr(Phen)2(An-vpvpvbpy)](CF3SO3)3 complex; variance of 100% peak is 83 ppm.
3.1.3 Photophysical Properties of the Synthesized cis-cholo Chromium Complexes
Figure 3.5 show the absorption and emission spectra for the chromium complexes [9
&10], and Table 3.1 lists the lifetime, absorption and emission maxima values. The
electronic absorption and emission spectra were measured at room temperature using
CH3CN. There is a red shift of 40 and 12 nm in absorbance for complexes [9 &10],
compared to free ligands. Also, with emission, there is a red shift of 23 nm and 14 nm
respectively after excitation at absorption maximum. The absorption maxima of the
complexes are also red shifted compared to triflate complex cis-[Cr(bpy)2(OTf)2]OTf
which has an absorption maximum at 300 nm. The luminescence lifetimes were obtained
by time correlated single photon counting (TCSPC).
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Figures 3.5 Absorption and emission spectra of Cr(III) complexes of anthracene
oligo(phenylene-vinylene) bipyridine ligands.
Table 3.1 Photophysical properties summary of Cr(III) complexes of anthracene
oligo(phenylene-vinylene) bipyridine ligands.
Complex

Abs.
λmax(nm)
in CH3CN

Ems.
λmax(nm)
CH3CN

Lifetime
(ns)

9

cis-[Cr(An-v-bpy)2Cl2]Cl

430

505

0.47

10

cis-[Cr(An-vpv-bpy)2Cl2]Cl

404

524

2.26

The lifetimes of the synthesized cis-chloro chromium aryl bipyridine complexes are very
short and their transients in nanosecond time scale could not be obtained other than by
the use of TCSPC. Excited state absorption spectrum could not be obtained with our
instrumentation. We decided to pursue the synthesis of tris-heteroleptic diimine
chromium complexes, known to have long lived excited state lifetimes in the
microseconds range.
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3.1.4 Proposed Synthetic Route for Homoleptic Chromium Complexes of Di-AlkoxySubstituted Aryl-Oligo(phenylene-vinylene) Bipyridine Ligands
Since the mid1960s5, through the late 1980s6, until 2001, the synthesis of homoleptic
tris-(dipyridyl)chromium(III) complexes have been accomplished largely by reacting the
chromium complex with the dipyridyl ligand in water under acidic conditions and this
method limited the range of ligands to be used for synthesis of homoleptic
complexes.The proposed synthetic route is to react tetrakis(nitrile)chromium(II)
tetrafluoroborate complexes7,8,9 with the new soluble aryl-oligo(phenylene-vinylene)
bipyridine ligands. This method has been demonstrated to work very well recently
especially in the lab of Shores1,10.

Scheme 3.2 Proposed synthetic route for synthesis of tris-homoleptic chromium (III)
complexes of di-alkoxy-substituted aryl-oligo(phenylene-vinylene) bipyridine ligands.
There are advantages of pursuing this synthetic route using chromium; apart from
chromium being relatively abundant in the earth surface, Cr(III) tris-(homoleptic)
dipyridyl complexes ( bpy, Phen ) have long excited state lifetimes in the μs range.
Proposed complexes are expected to have weakly absorbing d-d transitions of Cr(III)
complexes. They can be excellent candidates for developing reverse saturable absorbers
especially at longer wavelength (500-800nm).
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3.2 Rhenium (I) Metal Complexes: Synthesis and Characterization
3.2.1 Experimental Section
NMR: 1H NMR was obtained using a Varian Inova 400 MHz spectrometer using the
deuterated solvents (CDCl3, DMSO-d6, CD2Cl2 and CD3CN) obtained from Cambridge
Isotope Laboratories, Inc.
ESI Mass Spectra: ESI mass spectra were acquired with a Bruker MicroTOF operated in
direct injection mode. The solvent used was HPLC grade acetonitrile. The settings used
on my sample table are: Source: End plate offset -500V (145nA), Capillary -4500V
(7nA), Nebulizer 1.0 Bar, Dry Gas 5.0L/min, Dry Temperature 200°C, Transfer:
Capillary exit 280V, Skimmer1 51.8 V, Hexapole1 22.5 V, Skimmer2 21.5 V, Hexapole2
20.5 V, Hexapole RF 370.0 Vpp, detector 0V, Lense1 Storage 30.0V, Lense1 Excitation
20.8V, Lense1 Transfer 63.0 μs, Lense1 Pre Plus Storage 15.0 μs, Lense2 6.2V, Lense3
8.1V, Lense4 -18.6V, Lense5 -2.0V. Ion Polarity positive to source, Scan mode MS,
Mass range 150-2000m/z, Rolling average On 3x1.0Hz (The most changed parameters
are Capillary exit, Hexapole RF and Mass range. (Lower Hexapole RF for compounds
with low mass and vice versa)
Elemental analysis: The elemental analysis (C, H, and N) was done by Midwest
Microlab, LLC; Indianapolis, IN and the reported values are the averages of the duplicate
results obtained.The reactions were all carried out in inert atmosphere of either argon or
nitrogen and the complexes properties/characterization by UV-Vis, cyclic voltammetry,
transient absorptions and energy transfer reaction using quenchers will be presented later
in the chapter 4.
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3.2.2 Introduction
The synthesized aryl-oligo(phenylene-vinylene) bipyridine ligands (N-N) from chapter 2
were reacted with rhenium pentacarbonyl chloride in a molar ratio of 1:1 in toluene
heated to reflux under an inert atmosphere. The reaction yielded fac-[Re(CO)3(N-N)Cl]
as the major product see Figure 3.6.
The obtained rhenium (I) carbonyl complexes [1- 6] are insufficiently soluble in most
common NMR solvents. Therefore characterization was done by elemental analysis of
(C, H, and N). The obtained combustion analysis results are in close agreement with the
calculated values.
However, the 1H NMR was obtained for rhenium (I) carbonyl complexes of di-alkoxysubstituted anthracene-oligo(phenylene-vinylene) bipyridine ligands [7, 8] using
deuterated chloroform, the di-alkoxy group substituted to the ligands lends themselves to
excellent solubility of the complexes.
The 1H NMR of both the ligands and the corresponding rhenium (I) carbonyl complexes
are expected to be similar however, the predicted 1H NMR of the aromatic resonances of
the complexes are expected to be downfield relative to those of the free ligand, and from
the obtained 1H NMRs spectra, the bipyridine ligands coordinated to the Re(I) complexes
were downfield by up to 0.25 ppm or more relative to the free ligands, which is evidence
of ligand coordination to the metal complexes.
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3.2.3 Rhenium (I) Carbonyl Complexes of Aryl-Oligo(Phenylene-Vinylene)
Bipyridine Ligands
Synthesis of fac-[Re(CO)3(N-N)Cl] metal complexes

Figure 3.6 Synthesized mono-functionalized rhenium (I) carbonyl complexes of aryloligo(phenylene-vinylene) bipyridine ligands.


General synthetic preparation11,12

Rhenium (I) carbonyl complexes of aryl-oligo (phenylene-vinylene) bipyridine ligands
of the general type fac-[Re(CO)3(N-N)Cl] were prepared by heating under reflux the aryloligo(phenylene-vinylene) bipyridine ligand (~20mg) with rhenium (I) pentacarbonyl
chloride (Re(CO)5Cl) (1.0 equiv. per aryl ligand) in toluene (10 mL) under an inert
atmosphere (nitrogen or argon) for 6 hrs. The reaction mixture was allowed to cool to
room temperature and the precipitate that was formed was filtered off, washed with
hexane, diethyl ether, and dried in vacuum. Elemental analysis (C, H, and N) data for all
the complexes is presented in Table 3.2 and most of them are in satisfactory agreement
with the calculated values. The complexes do not decompose in the solid state when
exposed to air, although from the UV-Vis spectroscopy measurements they do show
some decomposition in air-saturated THF solution in just a few 2-3 days.
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[Re(CO)5Cl] + N-N  fac-[Re(CO)3(N-N)Cl] + 2CO
fac-[Re(CO)3(An-v-bpy)Cl] [1]
Re(CO)5Cl (14.9 mg, 0.041 mmol) and An-v-bpy (1.53g, 0.041 mmol) resulted in
formation of 22.8 mg of orange-yellow solid obtained (Yield: 82%). ESI MS: m/z
calculated for [C30H20N2O3ReCl-Cl] +: 643.1038, found: 643.0997 (6.4 ppm difference in
the positive ion mode); acetonitrile used as the carrier solvent.
fac-[Re(CO)3(An-vpv-bpy)(Cl)] [2]
Re(CO)5Cl (14.5mg, 0.040 mmol) and An-vpv-bpy (20mg, 0.042 mmol) resulted in
formation of 29.5mg of orange-yellow obtained (Yield: 94%).
fac-[Re(CO)3(An-vpvpv-bpy)(Cl)] [3]
Re(CO)5Cl (12mg, 0.033 mmol) and An-vpvpv-bpy (20mg, 0.035 mmol) resulted in
formation of 28.1mg of orange-yellow obtained (Yield: 98%).
fac-[Re(CO)3(Pyr-v-bpy)(Cl)] [4]
Re(CO)5Cl (18.2mg, 0.05 mmol) and Pyr-v-bpy (18.7mg, 0.05 mmol) resulted in
formation of 27.3mg of red solid (Yield: 81%). 1H NMR (400MHz, RT, DMSO-D6): δ
(ppm) 9.15(d, J=5Hz, 1H), 9.06(d, J=16.1Hz, 1H, vinyl-H), 8.98(d, J=5.8Hz, 1H),
8.94(d, J=9.4Hz, 1H), 8.89(d, J=5.6Hz, 1H), 8.85(s, 1H), 8.63(d, J=8.2Hz, 1H), 8.368.41(m, 4H), 8.23-8.29(m, 2H), 8.13(t, J=7.6, 1H), 8.05(d, J=8.2Hz, 1H), 7.77(d,
J=16.1Hz, 1H, vinyl-H), 7.64(d, J=5.4Hz, 1H), 2.64(s, 3H) ESI MS: m/z calculated for
[C32H20N2O3ReCl-Cl] +: 667.1038, found: 667.1021(2.5 ppm difference in the positive
ion mode); acetonitrile used as the carrier solvent.
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fac-[Re(CO)3(Pyr-vpv-bpy)(Cl)] [5]
Re(CO)5Cl (14mg, 0.039 mmol) and Pyr-vpv-bpy (20mg, 0.041 mmol) resulted in
formation of 28mg of red solid obtained (Yield: 90%).
fac-[Re(CO)3(Pyr-vpvpv-bpy)(Cl)] [6]
Re(CO)5Cl (11.5mg, 0.032 mmol) and Pyr-vpvpv-bpy (20mg, 0.033 mmol) resulted in
formation of 26.6mg of dark red solid obtained (Yield: 92%).
Table 3.2 Summary of (C H N) elemental analyses of rhenium (I) carbonyl complexes of
aryl- oligo(phenylene-vinylene) bipyridine ligands
Complex
1

fac-[Re(CO)3(An-v-bpy)Cl]

2

fac-[Re(CO)3(An-vpv-bpy)Cl]

3

fac-[Re(CO)3(An-vpvpv-bpy)Cl]

4

fac-[Re(CO)3(Pyr-v-bpy)Cl]

5

fac-[Re(CO)3(Pyr-vpv-bpy)Cl]

6

fac-[Re(CO)3(Pyr-vpvpv-bpy)Cl]

% Theory (Found)
C
53.13
(52.87)
58.49
(58.52)
62.61
(62.41)
54.74
(50.39)
59.73
(59.53)
63.60
(63.75)

H
2.97
(2.95)
3.36
(3.40)
3.66
(3.69)
2.87
(2.87)
3.26
(3.43)
3.56
(3.73)

N
4.13
(3.89)
3.59
(3.55)
3.17
(3.13)
3.99
(3.43)
3.48
(3.47)
3.09
(2.93)

The elemental analyses values for complex [4] are very low and they have been
complimented by obtaining 1H NMR and ESI-MS data.

C/N
12.86
(13.59)
16.29
(16.48)
19.75
(19.94)
13.72
(14.67)
17.16
(17.16)
20.58
(21.75)
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Figure 3.7 1H NMR of ligand Pyr-v-bpy)Cl in CDCl3 (top) and complex fac[Re(CO)3(Pyr-v-bpy)Cl] in DMSO-d6 (bottom)
The aromatic protons in the 1H NMR of complex [4] have their 1H NMR downfield
shifted by ~0.42 ppm compared to the corresponding protons of ligand [P] indicating
coordination of the ligand to the metal complex. Also, at 7.77 ppm, the vinyl protons for
the complex, with J = 16.6Hz appear. This is characteristic of the trans (E) configuration.
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The ESI-MS of rhenium complexes [1] and [4] were acquired in the positive ion mode
and the spectra obtained show the loss of chloride [M - Cl] + figure 3.8a below.

Figure 3.8 ESI MS: m/z calculated for fac-[Re(CO)3(An-v-bpy)Cl] [C30H20N2O3ReCl-Cl]
+

: 643.1038, found: 643.0997 (6.4 ppm differences) and for fac-[Re(CO)3(Pyr-v-bpy)Cl]

[C32H20N2O3ReCl-Cl] +: 667.1038, found: 667.1021(2.5 ppm difference in the positive
ion mode); acetonitrile was used as the carrier solvent.
The signal intensity is very low, this is because the complexes have low solubility in
acetonitrile the carrier solvent used and they do not readily ionize by giving up chloride
atom to have a positive charge for detection. The other peaks are solvent background
peaks; they are visible due to very low signal intensity.
The acquired isotope distribution patterns of the complexes are consistent with the
simulated as shown by figure 3.9.
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Figure 3.9a ESI MS: m/z of complex fac-[Re(CO)3(An-v-bpy)Cl] [1] showing actual
isotopic distribution and calculated isotopic distribution.

Figure 3.9b ESI MS: m/z of complex fac-[Re(CO)3(Pyr-v-bpy)Cl] [4] showing actual
isotopic distribution and calculated isotopic distribution.
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3.2.4 Rhenium (I) Carbonyl Complexes of Di-Alkoxy-Substituted Anthracene-Oligo
(p-Phenylene-Vinylene) Bipyridine Ligands
Synthesis of fac-[Re(CO)3(N-NOR)Cl] metal complexes

Figure 3.10 Synthesized mono-functionalized rhenium (I) carbonyl complexes of dialkoxy-substituted anthracene-oligo(phenylene-vinylene) bipyridine ligands.


General synthetic preparation11,12

Rhenium (I) carbonyl complexes of di-alkoxy-substituted anthracene-oligo(phenylenevinylene) bipyridine ligands fac-[Re(CO)3(An-vpORv-bpy)Cl] and fac-[Re(CO)3(AnvpORvpv-bpy)Cl] were prepared by heating under reflux the di-alkoxy-substituted
anthracene-oligo(phenylene-vinylene) bipyridine ligand (~0.20g) with [Re(CO)5Cl] (1.0
equiv. per aryl ligand) in toluene solvent (30 cm 3) under nitrogen atmosphere for 5 hrs.
The reaction mixture was allowed to cool to room temperature and the solvent was
removed under reduced pressure to a volume of ~2mL. Diethyl ether was added to
precipitate the product which was then filtered, washed with hexane, diethyl ether, and
dried in vacuum. The 1H NMR spectra (figure 3.11) and elemental analysis (C, H, and N)
data is presented in the Table 3.3.
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[Re(CO)5Cl] + N-N  fac-[Re(CO)3(N-NOR)Cl] + 2CO
fac-[Re(CO)3(An-vpORv-bpy)(Cl)] [7]
Re(CO)5Cl (31.4mg, 0.0868 mmol) and An-vpORv-bpy (69.7mg, 0.0827 mmol) resulted
in formation of 57mg of red solid obtained (Yield: 60%). 1H NMR (400MHz, RT,
CDCl3): δ (ppm) 8.81 (d, J=5.8, Hz 1H); 8.78 (d, J=5.5, Hz 1H); 8.34-8.36 (m, 2H);
7.97–8.07 (m, 4H); 7.75 (d, J=16.6Hz 1H vinyl-H); 7.42-7.45 (m, 5H); 7.11-7.28 (m,
7H); 4.11 (t, 2H, J = 6.4Hz, -OC12H25); 4.04 (t, 2H, J = 6.4Hz, -OC12H25); 2.48(s, 3H,
bpy-CH3); 1.88 (m, 2H); 1.75 (m, 2H); 1.51 (m, 2H); 1.36 (m, 2H); 1.10-1.18 (m, 32H);
0.80 (m, 6H, -CH3).

fac-[Re(CO)3(An-vpvpv-bpy)(Cl)] [8]
Re(CO)5Cl (0.24g, 0.664 mmol) and An-vpORvpv-bpy (0.6276mg, 0.664 mmol) resulted
in formation of 0.447g of red solid obtained (Yield: 54%).1H NMR (400MHz, RT,
CDCl3): δ (ppm) 8.81 (d, J=5.3, Hz 2H); 8.42-8.45 (m, 3H); 8.18 (s, 1H); 8.10 (s, 1H);
8.00-8.03 (m, 3H); 7.63–7.66 (m, 5H); 7.48-7.53 (m, 6H); 7.32-7.34 (m, 3H); 7.22 (m,
2H); 6.99 (d, J=16.3Hz, 1H, vinyl-H); 4.16 (t, 2H, J = 6.4Hz, -OC12H25); 4.09 (t, 2H, J =
6.4Hz, -OC12H25); 2.45(s, 3H, bpy-CH3); 1.95 (m, 2H); 1.81 (m, 2H); 1.60 (m, 2H); 1.45
(m, 2H); 1.17-1.29 (m, 32H); 0.87 (m, 6H, -CH3).
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Table 3.3 Summary of (C H N) elemental analysis of rhenium (I) carbonyl complexes of
di-alkoxy-substituted anthracene- oligo(phenylene-vinylene) bipyridine ligands
Complex

7
8

% Theory (Found)

fac-[Re(CO)3(An-vpORv-bpy)Cl]
fac-[Re(CO)3(An-vpORvpv-bpy)Cl]

C

H

N

C/N

64.81

6.49

2.44

26.56

(64.38)

(6.44)

(2.48)

(25.96)

67.20

6.45

2.24

30.00

(65.71)

(6.17)

(2.28)

(28.8)

The two complexes were obtained in moderate yields fac-[Re(CO)3(An-vpORv-bpy)Cl]
(60%) and fac-[Re(CO)3(An-vpORvpv-bpy)Cl] (54%) and are completely soluble in
most common organic solvents such as toluene, chloroform, dichloromethane and
tetrahyrofuran; however they were also insoluble in diethyl ether, methanol, acetonitrile
and ethyl acetate.

fac-[Re(CO)3(An-vpORv-bpy)Cl]

9

9

8
ppm

7

8
ppm

7

6

5

4

3

2

1

fac-[Re(CO)3(An-vpORvpv-bpy)Cl]

6

5

4

3

2

1

Figure 3.11 1H NMR of fac-[Re(CO)3(An-vpORv-bpy)Cl] and fac-[Re(CO)3(AnvpORvpv-bpy)Cl] complexes in CDCl3
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Figure 3.12 Aromatic region 1H NMR spectra (6.8-9.0 ppm) of An-vpORv-bpy free
ligand and fac-[Re(CO)3(An-vpORv-bpy)Cl] complex in CDCl3
The bipyridine ligands resonances are shifted upfield by up to 0.25 ppm, especially for
aromatic resonances. This is evidence of ligand coordination to the metal complex.
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Figure 3.13 Aromatic region 1H NMR spectra (6.8-9.0 ppm) of An-vpORvpv-bpy ligand
and fac-[Re(CO)3(An-vpORvpv-bpy)Cl] complex in CDCl3
The bipyridine ligands resonances are shifted upfield by up to 0.25 ppm, especially for
aromatic resonances. This is evidence of ligand coordination to the metal complex.

103

Reagents Used
The reagents 2,2′-dipyridyl, 2-methoxyethanol, trifluoromethanesulfonic acid, and
chromium(III) chloride hexahydrate were obtained from Sigma Aldrich. Zinc granules
were from J. T. Baker chemical company. 4,4'-dimethyl-2,2'-bipyridine was obtained
from Atomaxchem (China). Rhenium pentacarbonyl chloride was obtained from Strem
Chemicals, Inc. Chromium(III) chloride anhydrous was obtained from Fisher Scientific.
1,10-phenanthroline was obtained from Alfa Aesar. All other organic solvents (Toluene,
diethyl ether, hexane, DCM, methanol, ethanol) used were obtained from PharmcoAAPER.
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3.3 Conclusion
The synthesis of cis-cholo chromium (III) and Re(I) complexes of aryl-oligo(phenylenevinylene) bipyridine is presented. The accessible Cr(III) complexes have very short
excited state lifetimes making them not ideal for reverse saturable absorbers (RSA)
materials. Attempts to synthesize tris heteroleptic chromium (III) dipyridyl complexes
having at least one ligand of aryl-oligo(phenylene-vinylene) bipyridine ligand is also
presented and a proposed synthetic route is put forth for the synthesis of homoleptic
chromium complexes of di-alkoxy-substituted aryl-oligo(phenylene-vinylene) bipyridine
ligands. They are projected to have strong excited state absorption and long lifetimes
compared to known tris homoleptic chromium (III) dipyridyl complexes and may be
good candidates for RSA in the 500-600 nm region.
Efforts were then switched to the synthesis of rhenium (I) carbonyl complexes of aryloligo(phenylene-vinylene) bipyridine ligands. They were characterized mainly by
elemental analysis (C, H, and N) and gave satisfactory results. The 1H NMR spectra was
obtained for soluble Re(I) complexes of di-alkoxy-substituted anthraceneoligo(phenylene-vinylene) bipyridine ligands. Photophysical properties including energy
transfer reactions and their potential application as RSA are presented in chapter 4.
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4.0 Re(I) Carbonyl Complex Systems of Aryl-Oligo(p-phenylene-vinylene)
Bipyridine Ligands: Potential Reverse Saturable Absorber Materials
4.1 Introduction
Rhenium (I) tri-carbonyl complexes of the general type fac-[Re(CO)3(N-N)L] where N-N
is the diimine ligand and L is the auxiliary ligand have been shown to have interesting
photophysical, photochemical and spectroscopic properties since the 1970s. Their excited
state properties are similar to those of Ru(II) polypyridyl analogues1,2.
The photophysical behavior of Re(I) d6 complexes may be argued in terms of three types
of excited states: (i) metal-to-ligand charge transfer (MLCT) states, (ii) ligand to-ligand
charge transfer (LLCT) states, (iii) intraligand (IL) states 3.

Figure 4.1 Energy state diagram for fac-[Re(CO)3(N-N)L] complexes: (A) MLCT
model, (B) ligand centered model, kisc = intersystem crossing; kr = radiative rate
constant, knr= non-radiative rate constant4.
The low energy excited state of rhenium(I) polypyridyl systems is mixed in character
involving low lying metal-to-ligand charge transfer (MLCT) states with strong
overlapping of intraligand (IL) 3π-π* excited states transitions and both levels are often
populated simultaneously4,5.
The nature of the lowest-excited state in Re(I) carbonyl complexes usually determines the
various photophysical properties seen in these complexes. The properties of the rhenium
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(I) carbonyl moiety can be tuned by varying the ligands coordinated to it. When the
diimine ligands (N-N) or the ancillary ligands (L), are altered, the excited-state properties
can be tuned systematically resulting in abundance of photochemical and photophysical
properties for a range of important applications like nonlinear optical materials including
reverse saturable absorbers4.
Rhenium complex materials show potential for nonlinear optics including6,7, lightemitting materials, radiopharmaceuticals and photo switching4,8.
Rhenium (I) carbonyl complexes having ligands with either pyrene or anthracene
moieties reported in literature include: (1-pyrenyl)pyrazole9, 9-anthracene-COOH and 1pyrene-COOH as spectator ligands (Ls) in the complexes of general formula LS-CO2Re(CO)3(bpy)10,11, dipicolylamine pyrene ligands12, bipyridine ligands attached to
anthracene via rigid rod-like p-xylene bridges13, photochemically variable anthracene
subunit14,15anthracene-functionalized 1,3-dithiole-2-ylidene16, anthracene chiroptical
switches17, and anthracene quencher used as luminescence probe for DNA18. The
structures of some of rhenium (I) carbonyl complexes are shown in figure 4.2
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1-Pyrenyl)pyrazole9

Dipicolylamine pyrene ligands12

LS-CO2-Re(CO)3(bpy)10

Rod-like p-xylene bridges13

A molecular switch14,15

Functionalized 1,3-dithiole-2-ylidene16

Chiroptical switches17

Anthracene carboxaldimine
derivatives19

Quencher-based luminescence18

[ReI(MebpyCH2OCH2An)(CO)3(MQ+)]2
+20

Figure 4.2 Examples of rhenium (I) carbonyl complexes having ligands with either
anthracene or pyrene moieties in literature.
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The structures of the synthesized rhenium carbonyl complex systems of aryloligo(phenylene-vinylene) bipyridine ligands in which their properties are being
evaluated as candidates for reverse saturable absorber materials are shown by figure 4.3.

Figure 4.3 Structures of Re(I) tri-carbonyl complex systems of aryl-oligo(phenylenevinylene) bipyridine ligands [1 to 6] and di-alkoxy substituted [7 and 8]
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Photoinduced cis-trans isomerization studies have been done for complexes of the
general type fac-[Re(CO)3(N-N)(trans-L)]4,21,22,23,24, and it has been observed that when
ancillary ligands (L) with trans-conformation of either olefin or azo linkage, the rhenium
complexes are weakly or non-emissive due to the presence of lowest non-emissive 3π-π*
or 3n-π* excited states and exciting into their 3MLCT excited state will sensitize 3π-π* or
3

n-π* excited states and may give rise to trans-cis isomerization of the ligand.

Isomerization of N-N ligand was not explored, but is not ruled out, especially for
complexes with diimine ligands (N-N) with vinyl linkage to aryl groups.
This chapter is mainly about the photophysical properties of the synthesized rhenium
carbonyl complexes and it includes: UV-Vis absorption, nanosecond and picosecond
transient absorption including their lifetime measurements, energy transfer using triplet
quenchers to find the excited state triplet energy, excited state molar absorptivity
determination, IR spectra to confirm the facial geometry and electrochemical properties
by cyclic voltammetry.
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4.2 Experimental Section
Optical spectra: The electronic absorption spectra were obtained using a HP8453 diode
array spectrophotometer; the wavelength range of measurement was190-800nm with a
sampling interval of 2 nm using a 1cm path length quartz cuvette. The room temperature
steady state emission spectra were collected in a modified SPEX 111 fluorimeter
equipped with an ANDOR CCD camera attached to a SPEX model spectrograph. The 77
K emission spectra were obtained using 2-methyltetrahydrofuran (2-MeTHF) solution
submerged in liquid nitrogen in a cold finger dewar to form a rigid glass matrix.
FT-IR: For ground state spectra, 10 mMol of solutions in 50 µm path length cells were
used, THF or chloroform was used to dissolve complexes.
Nanosecond Transient Absorption and Luminescence Lifetime Measurements 25:
Transient absorption spectra were obtained using an Applied Photophysics LKS 60
optical system with pulsed excitation by an OPOTEK visible OPO that was pumped by a
Quantel Brilliant Laser equipped with doubling and tripling crystals. Excitation of the
metal complex chromophores was typically between 420-450 nm using samples having
an optical density of between 0.7 and 0.9 at the excitation wavelength. Excited state
lifetimes were obtained from nitrogen degassed samples by averaging decays of emission
at around 610nm for Ru(II) complexes and oligomers and delta absorbance (ΔOD)
decays averages for Re(I) complexes between 580-650 nm.
Femtosecond Time-Resolved Transient Absorption26: Femtosecond transient
absorption measurements were collected on an Ultrafast Systems Helios transient
absorption spectrometer housed in Ohio University. A Spectra Physics Solstice laser, a
one-box regenerative amplifier containing a Mai Tai femtosecond oscillator and
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Empower pump laser, was employed to produce 800 nm pulses at a repetition rate of 1
kHz at 3.5 W average power and a pulse width of <100 fs. From this unit, the beam is
split (50:50) with one beam directed to an optical parametric amplifier (TOPAS, Light
Conversion) and the other to the Helios spectrometer (HE-vis-3200) to create the pump
(472 nm; TOPAS) and probe (Helios) sources, respectively. The 800 nm probe beam
passed through a CaF2 plate to generate a white light continuum (∼330−700 nm). The
spectrum was integrated for 2 s for each scan. The pump and probe beams were directed
to a 2 mm path length cuvette containing the sample where they were spatially
overlapped. The solution was vigorously stirred in the 2 mm path length cuvette during
data collection. Transient absorption data were corrected by subtracting spectral
background features that persisted from the previous pulse and appeared prepulse as well
as applying chirp correction using Surface Xplorer Pro 1.1.5 software (Ultrafast
Systems).
Electrochemistry: Cyclic voltammograms were obtained using a three-electrode system
consisting of silver /silver chloride (Ag/AgCl) as reference electrode, a platinum wire as a
counter electrode, and freshly polished glassy carbon as the working electrode were used.
Dry acetonitrile or THF was used as the solvent and 0.1M tetraethyl ammonium
perchlorate (TEAP) as the supporting electrolyte, A silver wire (Ag+) pseudo- reference
electrode was used in some cases (other specific conditions are explained in the
respective CV experiments).
Femtosecond Time-Resolved Spectroscopy: A three-pulse (UV/IR/Vis) experimental
setup, capable of performing fs time-resolved infrared spectroscopy (TRIR), fs transient
absorption spectroscopy (TA) and IR-perturbed transient absorption spectroscopy, has
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been built. A laser beam at 804 nm produced by a Ti:sapphire oscillator and regenerative
amplifier featuring pulses of 44 fs duration and 1.1 mJ energy at 1 kHz repetition rate
was split in three parts. One part of ca. 630 µJ/pulse was frequency doubled to generate
402 nm excitation pulses. After passing a 150 mm long delay stage (NRT150, Thorlabs),
it was focused into the sample with a 300 mm focal length lens. The second part of the
fundamental beam of ca. 370 µJ/pulse was used to pump an in-house built optical
parametric amplifier (OPA), which produces signal-idler pulse pairs. The signal-idler
beam was focused into a 1.5 mm thick AgGaS2 crystal to generate mid-IR pulses through
a difference frequency generation process. The mid-IR beam was focused into the sample
cell with a lens of 100 mm focal length. The third part of the 804 nm beam (ca. 7
µJ/pulse) was delayed by a delay stage of 600 mm long (Parker), intensity-tuned by a
wave plate-polarizer pair, and focused into a 1 mm thick sapphire wafer with a 100 mm
lens to generate white light continuum. The white light was then focused into the sample
using a 40 mm achromatic lens.
The TRIR measurements described here were made using excitation pulses at 402 nm of
3-4 µJ pulse energy and mid-IR probe pulses. After passing through the sample, the midIR probe pulses were dispersed in a monochromator (TRIAX-190, HORIBA) and
measured by an MCT detector (MCT-11-1.00, Infrared Associates). The mid-IR pulses
are tunable from 1100 to 4000 cm-1 and have a spectral width of ca. 200 cm-1 (FWHM).
A spectra resolution of 1 cm-1 was achieved.
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4.3 UV-Vis Absorbance
Figures 4.4a-c shows the absorption spectra for the rhenium carbonyl complexes and
Table 4.1 lists the absorbance maxima and molar absorptivity values. The electronic
absorption spectrum was measured at room temperature using THF as the solvent for the
rhenium carbonyl complexes [1 to 6], while chloroform was used as the solvent for the
rhenium carbonyl complexes with di-alkoxy substituted anthracene ligands [7 & 8]. The
attachment of the di-alkoxy long chain to anthracene bipyridine ligands increased the
solubility of the complexes tremendously.
The rhenium tri-carbonyl complex fac-[Re(CO)3(bpy)Cl] UV-Vis absorption spectrum
shows at least two high energy absorption bands between 290-500 nm at room
temperature. The band observed at ∼400nm is assigned as a mixed dπ(Re)→π* (N-N)
metal-to-ligand charge transfer MLCT transition and Cl→bpy LLCT (LLCT = ligand toligand charge transfer) transition while the band at ∼300 nm is assigned to a bipyridine
intraligand (IL) π-π* transition27.The assignments are supported by density functional
theory (DFT) calculations28. A similar assignment can be used for our new rhenium
carbonyl complexes whereby the absorption band has contributions from both 1π-π*
transition from the ligand and metal-to-ligand charge transfer (1MLCT) transition in the
visible region.
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Figure 4.4a Ground state molar absorptivity (ε) spectra of rhenium carbonyl complexes
of anthracene-oligo(phenylene-vinylene) bipyridine ligands [1-3] in THF at room
temperature
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Figure 4.4b Ground state molar absorptivity (ε) spectra of rhenium carbonyl complexes
of pyrene-oligo(phenylene-vinylene) bipyridine ligands [4-6] in THF at room
temperature
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Figure 4.4c Ground state molar absorptivity (ε) spectra of rhenium carbonyl complexes
of di-alkoxy substituted anthracene-oligo(phenylene-vinylene) bipyridine ligands [7-8] in
chloroform at room temperature
Comparing the UV-Vis absorption maximum of rhenium carbonyl complexes of dialkoxy substituted anthracene-oligo(phenylene-vinylene) bipyridine ligands [7-8] with
the un-substituted ones [2-3] in Table 4.1, a red shift of 32 nm and 26 nm respectively is
seen; this is also seen with uncoordinated ligands and it is as a result of attaching the dialkoxy electron donating groups in the 2,5-position of the phenyl ring in the anthracene
bipyridine ligands. This will alter its π-orbitals through the resonance interaction with
oxygen lone pairs and the red-shifted band originates from the HOMO−LUMO
transition29.
The strategy of attaching the di-alkoxy group was mainly to increase the solubility of the
rhenium carbonyl complexes, and apart from achieving the solubility increase, the red
shift is also advantageous for development of a reverse saturable absorber capable of
stopping ND:YAG laser power in the area around 532nm and from the UV-Vis, increased
absorption is seen at this wavelength compared to the corresponding un-substituted
complexes.
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The molar extinction coefficient in all the three sets of complexes [1-3], [4-6] and [7-8]
generally increase with increasing number of phenyl repeat units. Exception to this is the
transition from [4 to 5]. On the other hand, the absorption maximum (λmax) redshift is
very small in all the sets of rhenium complexes; this trend has been seen in similar
organic oligomeric/polymeric systems30 .
Comparing the ground state molar absorptivity of rhenium carbonyl complexes with
bipyridine ligands attached to anthracene [1-3] and pyrene [4-6] units, the ones attached
to anthracene have higher ground state molar absorptivity than the ones attached to
pyrene. It is for that reason that rhenium carbonyl complexes attached to di-alkoxy
substituted anthracene bipyridine ligands were synthesized [7-8].
The spin-orbit coupling constant of elemental rhenium is 2903 ζ l/cm31and in Re(I)
carbonyl complexes the strong spin-orbit coupling constant gives rise to intensified
singlet-triplet mixing enabling them to have long-lived excited states and potentially high
phosphorescence quantum efficiencies5.
The luminescence of complexes of the type fac-[Re(CO)3(bpy)Cl] and its similar
analogues have been mainly assigned to metal to ligand charge transfer (3MLCT)
Re(I)→(bpy) in nature at room temperature, but in other Re(I) complexes with certain
type of ligands, longer lifetimes have been observed and this has been attributed to ligand
localized intra-ligand (3IL states) phosphorescence32, (see Jablonski diagram figure 4.1).
This occurs because the lowest MLCT state is in close proximity to lower energy 3π-π*
triplet state and this phenomenon is especially observed in rigid low temperature media
where the energy of the 3MLCT state increases because of poor solvation. Structured
luminescence spectra may also be observed33.
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Table 4.1 Summary table for ground state molar absorptivity (ε) values at absorption
maximum for rhenium carbonyl complexes of aryl-oligo(phenylene-vinylene) bipyridine
ligands

Complex
1

fac-[Re(CO)3(An-v-bpy)Cl]

Absorbance
λmax(nm)
in THF
420,290

Molar Absorptivity
(εGS) (M-1 cm-1)
in THF
1 600 (420 nm)

2

fac-[Re(CO)3(An-vpv-bpy)Cl]

414, 350

7 000 (414 nm)

3

fac-[Re(CO)3(An-vpvpv-bpy)Cl]

418,310

7 200 (418 nm)

4

fac-[Re(CO)3(Pyr-v-bpy)Cl]

430, 394, 312

1 500 (430 nm)

5

fac-[Re(CO)3(Pyr-vpv-bpy)Cl]

428, 344

600 (428 nm)

6

fac-[Re(CO)3(Pyr-vpvpv-bpy)Cl]

428

900 (428 nm)

7*

fac-[Re(CO)3(An-vpORv-bpy)Cl]

446, 320

11 700 (446 nm)

8*

fac-[Re(CO)3(An-vpORvpv-bpy)Cl]

444

23 700 (444 nm)

**

fac-[Re(CO)3(bpy)Cl]

370

3 420 (370 nm)

*For rhenium complexes 7 and 8, the solvent used was chloroform; **CH3CN used from literature34.

118

4.4 Infrared (IR) spectroscopy
4.4.1 IR spectra
Rhenium (I) tri-carbonyl complexes IR spectra show three intense absorption bands in the
region
1850-2050 cm-1 for the three carbonyl groups (-C≡O) in the coordination sphere which is
in agreement with facial arrangement in complexes with Cs symmetry. The three
carbonyl ligands are each located 90 degrees from the other two; all in one face of the
octahedron geometry 35,36 as shown by figure 4.5.

N-N = dipyridyl ligand; Blue arrows = Stretching modes; Red arrows = Axis

Figure 4.5 Octahedral geometry environment for the facial arrangement of
rhenium (I) tricarbonyl dipyridyl complex.
The complexes of the general type fac-[Re(CO)3(N-N)Cl] has a Cs symmetry assuming a
symmetrical dipyridyl (N-N) ligand. This means three IR active (-C≡O) stretching modes
will be observed [A’ (l) + A’ (2) + A”]. The [A’ (l)] vibration mode is assigned to higher
energy band while the lower band is assigned [A’ (2) + A”]1,37. The IR spectra of some
the synthesized complexes are shown by figure 4.6 and the values in Table 4.2.
Photochemical synthesis of meridional mer-[Re(CO)3(bpy)Cl] complex was first reported
in 200738. The characteristic feature is that, the highest frequency band at ~2020 cm-1 has
the lowest intensity compared to the other two bands at lower frequency.
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Figure 4.6 FT-IR spectra for rhenium carbonyl complexes of anthraceneoligo(phenylene-vinylene) bipyridine ligands [1, 7and 8] in THF.
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Table 4.2 FT-IR values for the three major carbonyl stretches (-C≡O, cm-1) for rhenium
tri-carbonyl complex systems of aryl-oligo(phenylene-vinylene) bipyridine ligands.

Complex

Carbonyl Stretch Values
(i)
v(-C≡O) cm-1

(ii)
v(-C≡O) cm-1

(iii)
v(-C≡O) cm-1

1

fac-[Re(CO)3(An-v-bpy)Cl]

1892

1915

2018

2

fac-[Re(CO)3(An-vpv-bpy)Cl]

1892

1913

2018

3

fac-[Re(CO)3(An-vpvpv-bpy)Cl]

1890

1914

2016

4

fac-[Re(CO)3(Pyr-v-bpy)Cl]

1892

1915

2017

5

fac-[Re(CO)3(Pyr-vpv-bpy)Cl]

1867

1916

2016

6

fac-[Re(CO)3(Pyr-vpvpv-bpy)Cl]

1873

1914

2015

7

fac-[Re(CO)3(An-vpORv-bpy)Cl]

1892

1915

2017

8

fac-[Re(CO)3(An-vpORvpv-bpy)Cl]

1899

1923

2022

1900

1917

2023

*** fac-[Re(CO)3(bpy)Cl]
***Reference 39

4.4.2 Transient Spectra in Carbonyl Region
This experiment was done in collaboration with Prof. Igor Rubtsov at Tulane University
and was carried out by Mr. Yuankai Yue. The transient spectral experimental conditions
were: 10 mmol solution in a 150 m path length flow cell and UV pump power of 1mW.
The major questions to be answered are how fast the long lived excited state is forming
and whether initial excitation forms an MLCT of IL state. The final excited state is being
formed almost instantaneously; IR transient at 2 ps after excitation was collected.
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The lifetime measured illustrate the evolution of the initial excited state, and this is
monitored by measuring how fast the carbonyl absorption decays; it took ~34 ps for the
intense band at 2023 cm-1 to decay from its first excited state (figure 4.7b).
Transient spectra of Re(CO)3(An-vpORvpv-bpy)Cl in CHCl3
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Figure 4.7a Carbonyl transient spectrum of fac-[Re(CO)3(An-vpORvpv-bpy)Cl] [8] in
chloroform. Figure 4.7b Kinetic trace at 2023 cm-1 with lifetime of 34 ps.
The figures not included here are for the lifetimes at the kinetic trace at 2003 cm-1 which
is (τ1 =0.9 ps, τ2=30 ps); at 2017 cm-1 is (τ1 =0.4 ps, τ2=13 ps) and at 1863 cm-1 is (τ1 =0.3
ps, τ2=13 ps) for the fast and slow component respectively.
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Transient spectra of Re(CO)3(An-vpORvpv-bpy)Cl in CHCl3
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Figure 4.7c Carbonyl transient spectrum in the 1600 cm-1 region for the complex [8] in
chloroform. Figure 4.7d kinetic trace at 1540 cm-1 with lifetime of (τ1 =1.2 ps, τ2=47.5
ps)
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Also in figure 4.7a, comparing the intense band of the ground state FTIR (black) and the
initial excited state IR (red-2 ps), there is a decrease in the v(-C≡O) stretching frequency
from 2022 cm-1 to 2004 cm-1. This can be explained as shown by figure 4.8 below.

Figure 4.8a

Figure 4.8b

Figure 4.8 Movement of electron density in the ligand to the metal core in the excited
state.
In the ground state (GS), the rhenium carbonyl coordination is as a result of the lone pair
electron donation form carbonyl to vacant rhenium metal orbitals p or d orbitals to form
σ-bond. On the other hand, the now increased electron density in d-orbital of rhenium
metal π-back-bond to the empty π* orbital of carbonyl ligands dπC≡O π*. An increase
in the π-back bonding will cause the carbonyl bond to weaken, lowering the C≡O
stretching frequency40.
In the excited state (ES), the electron density moves from the aryl(phenylene-vinylene)
portion of the ligand to the bipyridine moiety as shown by the red arrow in figure 4.8a.
The increase in electron density in the ruthenium center will serve to lower the v(-C≡O)
frequencies.
If intraligand (IL) absorption is present with charge transfer character, the
aryl(phenylene-vinylene) part of the ligand will be made cation radical and the bipyridine
portion being negatively charged anion radical as shown by figure 4.8b. This increase in
electron density will also lower the v(-C≡O) frequencies.
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4.5 Electrochemistry: Cyclic Voltammetry (CV)
The reductive half potential (Re1+/0 ; E1/2 red. ) for rhenium(I) tri-carbonyl complexes
attached to bipyridine ligands with anthracene aryl unit [1-3, and 7-8] are all around -1.21
V and those with pyrene unit [4-6] are also all around -1.19 V relative to SCE (V).
Rhenium carbonyl complexes with pyrene unit attached to bipyridine ligand [4-6] all
have a second reversible wave at around -1.6V and this is assigned for the pyrene aryl
unit attached to the bipyridine ligand41. On the other hand, anthracene by itself is very
difficult to reduce (≈ -2.47 V)42 and this might be the reason why the second reversible
wave is not seen in this CV window. The other small reductive waves seen in Re (I)
complexes with anthracene ligands can be attributed to second bpy-bpy reduction. The
complexes first reductive wave are more positive than that of the complex fac[Re(CO)3(bpy)Cl] which has a reductive wave at -1.3539.The cyclic voltammograms
plotted on the same axis scale for each series of rhenium carbonyl complexes are shown
in figure 4.9 and the values in Table 4.9

fac-[Re(CO)3(Pyr-v-bpy)Cl]
fac-[Re(CO)3(Pyr-vpv-bpy)Cl]
fac-[Re(CO)3(Pyr-vpvpv-bpy)Cl]
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0.0

-0.4

-0.8

-1.2

-1.6

-2.0

Potential (V)

Figure 4.9a Rhenium complexes [1-3]
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Potential (V)

Figure 4.9b Rhenium complexes [4-6]

The solvent used is anhydrous THF and 0.1M tetra-n-butylammonium tetrafluoroborate
(TBABF4)as supporting electrolyte; Ag/AgCl as reference electrode and Platinum as the working
electrode using a scan rate of 0.1 V/s

Figure 4.9 Reductive cyclic voltammograms of rhenium carbonyl complex systems of
aryl-oligo(phenylene-vinylene) bipyridine ligands on the same axis scale.
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4.6 Transient Absorption (TA)
Transient absorption data was obtained for all the rhenium carbonyl complexes using
both the nano and femtosecond transient absorption. The femtosecond experiment was
carried out in collaboration with Prof. Jeffrey J. Rack at Ohio University.
4.6.1 Nanosecond Transient Absorption
Transient absorption spectra were collected on the microsecond (μs) timescale for all the
synthesized Re(I) polypyridyl tri-carbonyl complexes in nitrogen purged tetrahydofuran
(THF).
The TA spectra are a plot of ΔOD verses wavelength (λ) and were obtained from the
observed decays of ΔOD versus time at various times after excitation. The decays fit
single exponential kinetics for all transients collected between 300nm-800nm at an
interval of 10nm wavelength and the laser excitation wavelength of 420nm was used. All
samples in the experiments were degassed with nitrogen for approximately 15 min before
taking the measurement and the nitrogen gas environment/blanket was kept during the
measurement.
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THF was the solvent used in dissolving the complexes with laser excitation wavelength of 420nm used

Figure 4.10 Nanosecond transient absorption spectra of rhenium complexes of
anthracene oligo(phenylene-vinylene) bipyridine ligands.
Figure 4.10d Summary of all the rhenium carbonyl complexes with anthracene aryl
group
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Figure 4.11a Rhenium complex [4]
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Figure 4.11 Nanosecond transient absorption spectra of rhenium complexes of pyreneoligo(phenylene-vinylene) bipyridine ligands.
Figure 4.11d Summary of all the rhenium carbonyl complexes with pyrene aryl group
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Figure 4.12a Rhenium complex [8]

400

Figure 4.12c Rhenium complex
[7 and 8]

CHCl3 was the solvent used in dissolving the complexes with laser excitation wavelength of 420nm used

Figure 4.12 Nanosecond transient absorption spectra of rhenium complexes of di-alkoxy
substituted anthracene-oligo(phenylene-vinylene) bipyridine ligands.

Figure 4.12c Summary of all the rhenium carbonyl complexes with di-alkoxy substituted
anthracene-oligo(phenylene-vinylene) bipyridine ligands.

The free aryl bipyridine ligands have their maximum absorption at around 390-416 nm,
and the complexes have maximum absorption at around 414-446 nm. This means our
excitation at 420 nm is mainly initially to MLCT but the π-π* singlet state excitation is
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not ruled out, especially since the ligand absorption is expected to red shift upon
coordination to Re(I).
The TA obtained provides a lot of information, especially on the nature of the excited
state of the rhenium carbonyl complexes. In all the transient absorption data, ΔOD in the
spectral region around 400-450 nm in figures 4.10-4.12 is negative, corresponding to
ground-state bleaching, whereas positive signals in the region of 500-800nm correspond
to excited-state absorption (ESA). The ground state bleaching is clearly observed when
the ground state UV-Vis absorption spectrum is stacked up against the transient excited
state absorption spectrum of rhenium carbonyl complexes, as shown in figures 4.10-4.12.
The lifetime values were determined by monitoring the kinetic decays of the transients
and are single exponential. The lifetimes are 2 µs, 13 µs and 16.1 µs for rhenium
complexes 1, 2 and 3 respectively with anthracene containing ligands. Rhenium
complexes 4, 5 and 6 with pyrene containing ligands are 9.8 µs, 13.5 µs and 38.3 µs
respectively and rhenium complexes 7 and 8 which have alkoxy substituents are 5.9 µs
and 14.9 µs respectively. The observation made is that the lifetimes generally increase as
the vinyl-phenyl linker length increases and complexes having pyrene aryl groups have
longer lifetimes compared to corresponding anthracene aryl group. Complexes with
anthracene aryl groups having alkoxy substituents attached to one of the phenyl rings are
shorter than those without the alkoxy substituent. Values are all presented in Table 4.9
The Rhenium complexes synthesized have long-lived triplet excited state lifetimes on the
order of microseconds. The increase of conjugation length by addition of phenylenevinylene bridge to the aryl bipyridne ligand may serve to effectively lower the 3π-π*
excited state energy to a level below the excited state energy of the 3MLCT excited state.
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The longer lifetimes of triplet states lead to greater populations of the excited states that
absorb more strongly than the ground state for a given light intensity, leading to a more
sensitive reverse saturable absorber 43.
4.6.2 Femtosecond Transient Absorption
In all the experiments, tetrahyrofuran (THF) was the solvent used in dissolving the
rhenium carbonyl complexes and laser excitation wavelength of 420nm was used to
excite the 1MLCT absorption band.
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THF was the solvent used in dissolving the complexes with laser excitation wavelength of 420 nm used

Figure 4.13 Femtosecond transient absorption spectra of rhenium complexes of
anthracene-oligo(phenylene-vinylene) bipyridine ligands.
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Figure 4.14 Femtosecond transient absorption spectra of rhenium complexes of pyreneoligo(phenylene-vinylene) bipyridine ligands.
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Table 4.3 Summary of lifetime data (τps) obtained from femtosecond transient absorption
by fitting kinetic decay trace at specific wavelength for rhenium carbonyl complexes of
aryl-oligo(phenylene-vinylene) bipyridine ligands.
y = y0 + A1*exp(-(x-x0)/t1)
Wavelength
(nm)
1 fac-[Re(CO)3(An-v-bpy)Cl]

624

0.0292

0.0073

Lifetime
(t1,τ)
(ps)
122.7±2.9

2 fac-[Re(CO)3(An-vpv-bpy)Cl]

590

0.0709

0.0250

260.1±6.6

3 fac-[Re(CO)3(An-vpvpv-bpy)Cl]

590

0.0828

0.0302

473.0±12.5

4 fac-[Re(CO)3(Pyr-v-bpy)Cl]

562

0.0529

0.0173

174.0±3.9

5 fac-[Re(CO)3(Pyr-vpv-bpy)Cl]

630

0.1262

0.0425

304.9±7.4

6 fac-[Re(CO)3(Pyr-vpvpv-bpy)Cl]

625

0.1117

0.0370

521.5±11.2

Complex

y0

A1

The femtosecond transient spectra ΔOD in the spectral region around 350-450 nm in
figure 4.13-4.14 is negative, correspond to ground-state bleaching, whereas positive
signals in the region of 500-800nm correspond to excited-state absorption (ESA). The
excited state transient absorption falls off at around 750nm for all the rhenium complexes
and almost a plateau is seen for rhenium complexes with anthracene aryl group and a
positive absorbance start to rise is with those with pyrene aryl group.
The lifetimes were also obtained in picosecond time scale from transient kinetic traces at
specific wavelengths and the data is presented in Table 4.3. The transient kinetic traces
were fitted to single exponentials and by comparing the lifetimes; they are approximately
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120 ps, 260 ps and 470 ps for rhenium complexes 1,2,3 respectively with anthracene
containing ligands and 170 ps, 300 ps and 520 ps for rhenium complexes 4,5,6
respectively with pyrene containing ligands.
The lifetime increased as the vinyl-phenyl linker increases, this trend corroborated with
the lifetimes obtained by the nanosecond transient absorptions. The lifetimes are very
fast, which means that the effective 3IL population state is forming in picosecond
timescale. This means the rhenium carbonyl complex can be efficient reverse saturable
absorber forming instantaneously.
The first 3000 ps transient obtained from the femtosecond transient spectra generally
closely resembles the spectra obtained by the nanosecond transient spectra for all the
rhenium carbonyl complexes. Also, at around 470-500 nm region, there is an isosbestic
point in the femtosecond excited state transient absorption which is also seen with the
nanosecond excited state transient absorption.
The transient absorption decays and can be both from excited singlet and triplet and can
be tentatively attributed to an intra-ligand charge transfer (1,3ILCT) state or 1,3π-π* state.
That is, the initially formed singlet and triplet have nearly the same origin.
The Re(I) complex TA spectra are similar to the complex
{[Re(CO)3(CH3CN)]2dstyb)}(PF6)2 where dstyb is 1,4-bis((E)-2-(4'-methyl-[2,2'bipyridin]-4-yl)vinyl)benzene bridging ligand. Connecting the two bipyridines in the
dstyb ligand is vinyl- phenylene linkage (1,4-divinylbenzene)33.
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4.7 DFT calculations
Density functional theory methods (DFT method) have been used to calculate ground
state-triplet state energy gap (by Dr Rusell Schmehl). The detailed procedure of how the
values are obtained is found in the dissertation of Dr. Jing Gu (chapter 2)44. Density
functional theory (DFT) calculations have also been used to obtain the molecular orbital
diagrams. It has also been used to look into the electronic state of rhenium carbonyl
complexes.
The highest occupied molecular orbital (HOMO) of the parent complex fac[Re(CO)3(bpy)Cl] contain 50% or more of Red character with contributions from -C≡O
and Cl each being ~20% while the lowest unoccupied molecular orbital (LUMO)
contains 80% or more of bpy ligand π* character4.
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4.7.1 Molecular Orbitals (MO) Diagram

Figure 4.15 The principal singly occupied orbitals of the triplet state for the complex fac[Re(CO)3(Pyr-vpv-bpy)Cl] [5].
The MO diagram figure 4.15 is for complex [5] for the principal singly occupied orbitals
of the triplet state. It shows the lower singly occupied orbital having a chloride (Cl) p
orbital character along with the ligand pi and that the lower energy singly occupied
orbital is inconspicuous two bonding pairs above it. This is chosen as an example of
similar DFT calculations for the other complexes.
4.7.2 Triplet State Energy of Ligands and Rhenium Complexes by Computational
Method
The room temperature and/or 77K luminescent emission for the rhenium carbonyl
complexes could not be obtained and this means the energy for the ligand localized triplet
state is not experimentally accessible and for that reason density functional (DFT)
computational methods to estimate the values was used. The ligands triplet state values
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are presented in Table 4.4a and some of the complexes values are in Table 4.4b. The
calculated free ligand triplet state values are higher than the coordinated ligands values.
Table 4.4a Calculated singlet-triplet energy gap of aryl-oligo(phenylene-vinylene)
bipyridine ligands
Ligand
(v=vinyl; p=phenyl; An= anthracene;
Pyr=pyrene; bpy=2,2'-bipyridine)

T1 Energy,
E singlet E Triplet ΔE(S-T) ΔE(S-T) ΔE
(Hatrees) (Hatrees) (Hatrees)
cm-1
(nm)

N An-v-bpy

1.12217 1.070655 0.051515

11 300

884

R An-vpv-bpy

9.58478 9.53585

0.04893

10 750

931

U An-vpvpv-bpy

8.04743 7.99871

0.04872

10 700

935

P Pyr-v-bpy

7.37087 7.30864

0.06223

13 650

732

S Pyr-vpv-bpy

5.83356 5.77552

0.05804

12 750

785

V Pyr-vpvpv-bpy

4.2954

0.05664

12 400

804

4.23876

Table 4.4b Calculated singlet-triplet energy gap of rhenium carbonyl complexes of aryloligo(phenylene-vinylene) bipyridine ligands
Complex
1 fac-[Re(CO)3(An-v-bpy)Cl]
2 fac-[Re(CO)3(An-vpv-bpy)Cl]

T1 Energy,
E singlet E Triplet

ΔE(S-T) ΔE(S-T) ΔE
(Hatrees) (Hatrees) (Hatrees)
cm-1
(nm)
5.36409 5.31481 0.04928 10 800 925
3.8296

3.78166

0.04794

10 500

950

4 fac-[Re(CO)3(Pyr-v-bpy)Cl]

1.61147

1.55245

0.05902

12 950

772

5 fac-[Re(CO)3(Pyr-vpv-bpy)Cl]

0.07627

0.01999

0.05628

12 350

810

3 fac-[Re(CO)3(An-vpvpv-bpy)Cl]

6 fac-[Re(CO)3(Pyr-vpvpv-bpy)Cl]
The information in the Table 4.4 can be summarized by energy state diagram Fig. 4.16
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Figure 4.16 Energy level diagram showing relative energies for excited states of π-π* in a
free aryl bipyridine ligand (LI) and MLCT excited states of Re(I) carbonyl complexes
coordinated to aryl phenylene-vinylene bipyridine ligands with increasing conjugation.
In figure 4.16 above (Ar) is an aryl of either anthracene or pyrene; (LI) is ligand of the
general type Aryl-v-bpy; (CI) are complexes of the general type fac-[Re(CO)3(Ar-vbpy)Cl]; (CII) are complexes of the general type fac-[Re(CO)3(Ar-vpv-bpy)Cl] and
(CIII) are complexes of the general type fac-[Re(CO)3(Ar-vpvpv-bpy)Cl]. The following
general trends can be observed from computational results in Table 4.4a-b and energy
state illustration by figure 4.16: The ligands coordinated to rhenium carbonyl complexes
have their π-π* lowered compared to a free ligand (compare ligand (L1) and complex
(C1)). Also, the ligand and complex triplet state energy decreases as the phenylenevinylene conjugation increases (compare ligands N,R,U and P,S,V), the same trend is
maintained when coordinated to the Re(I) carbonyl complexes but overall lower than the
free ligand (compare 13 and 46).
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4.8 Energy Transfer in Excited State
The main goal here is to experimentally determine the excited state triplet level of the
synthesized rhenium (I) complexes using triplet acceptors as quenchers by energy
transfer.
4.8.1 Triplet State Energy of Rhenium (I) Complexes Using Energy Transfer
Method
The following references45,46,47,48 explain in detail how to find the triplet energy of
various systems and in our case, the explanation is given in the context on how to find
the triplet state of the synthesized rhenium (I) carbonyl complexes [1-8] by energy
transfer mechanism.
Energy transfer process can be used to quench the triplet state of rhenium carbonyl
complexes studied. It is then expected that the quenching rate constant (kq) for the
reaction will be a function of the energy difference between the triplet state of the donor
and the acceptor.
ΔG = (ETA) - (ETD) …………………………………….. (i)
When the reaction is exergonic (ΔG < 0) (ETD) is higher than (ETA) and (kq) is diffusionlimited. On the other hand, when the reaction is endergonic (ΔG ≥ 0) the quenching rate
constant (kq) value falls rapidly with increasing endergonicity and the reactions are no
longer spontaneous.
From the above information, when performing quenching experiments using energy
acceptors with known triplet energies (ET), an approximate energy of the triplet state for
the rhenium carbonyl chromophores used should be obtained.
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(a) Sandros Simple Model
From the plot of quenching rate constant (log kq) versus acceptor energy triplet state
(ETA), it can be seen that, as the triplet energy of acceptors (ETA) increases, the (kq) value
decreases. Using this data, the triplet energy of rhenium complexes [1-8] can be
calculated/approximated using the simple Sandros relation:

……………………………………….....…….….. (ii)
Integrating we have

……………………………… (iii)
Where kexo is the maximum rate of reaction in the exergonic region, the kexo is taken
approximately equal to the value measured with rubrene as the acceptor quencher in our
case.
ΔG is iteratively adjusted to get the best fit between the experimental and calculated rate
constant
(b) Sandros Refined Model47
The more sophisticated Sandros model has been expounded in detail by Balzani47 and in
it, the energy transfer process has been incorporated together with electron transfer to
take into consideration the reorganization energy. The energy transfer process will then
be described by the equation scheme below:

……….. (iv)
Scheme 4.1 The energy transfer process from donor (D) to acceptor (A) in excited state
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Where (k−d) is the first order rate constant for the separation of the geminate pair and
(ken) and (k−en) are the rate constant for energy transfer and back energy transfer
respectively.
The rate constant of deactivation (kq) is then shown by the equation below:

………… (v)
By fitting the experimental Sandros plots (energy transfer process) with a Marcus
equation (electron transfer process) that is appropriate for bimolecular reactions which
occur at or near diffusion control, triplet state energies can then be estimated.
In our experiments, when finding the (kq), the assumption is made that there is 100%
transfer of energy and 0% electron transfer process and use the simple Sandros relation
equation (iii). The (kq) value will be obtained from the Stern–Volmer relation equation
(vi)
(c) Stern–Volmer Equation for Finding (kq)
In order to determine the triplet state energy for the rhenium carbonyl complexes using
the energy transfer method, the following will be plotted; the logarithm of the
bimolecular quenching rate constant for triplet energy transfer (log kq) of triplet state
quenchers used versus acceptor triplet state energies (ETA). The values of acceptor triplet
state energies are obtained from literature sources and (kq) is determined from SternVolmer equation below:
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τ0/τ = I0/I = 1 + kqτ0[Q]

where Ksv = kqτ0 = kq (kr+knr)-1 …………(vi)

Stern–Volmer analysis was used to determine the triplet quenching rate constants (kq) by
plotting the observed triplet decay lifetimes of the rhenium complexes in degassed THF
or Chloroform solutions as a function of quencher concentration used. Stern–Volmer
quenching studies were done with a series of triplet acceptors of varying energy between
9200cm-1 for rubrene to 16930cm-1 for pyrene in order to determine the triplet energies
(ET) of rhenium carbonyl complexes.
From the equation (vi) above, to obtain (kq), known concentrations of triplet quencher are
used, the decay of the complex transient is obtained, and then the ratio of lifetimes before
and after adding the quencher is calculated. Below is one example that shows how (kq)
measurement is determined using the Stern-Volmer plot.
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Figure 4.17
Figure 4.17 Stern-Volmer quenching of complex fac-[Re(CO)3(Pyr-v-bpy)Cl] [4] by
9,10-Dibromoanthracene (9,10-DBrA) in THF using transient absorption kinetics
monitored at 580 nm after excitation at 440 nm.
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4.8.2 Triplet Quenchers Used
It is important to know the ground state absorbance of the triplet quenchers used in
excited state energy transfer so that rhenium carbonyl complexes (donors) can be excited
selectively without exciting the triplet acceptor quenchers. Figure 4.18 shows the
structures and the UV-Vis absorption spectra of triplet acceptors quencher used in our
studies.
The Re(I) carbonyl compounds have long-lived triplet excited states to become involved
in either photoinduced electron transfer34 and/or energy transfer reactions to nearby
components by either intramolecular20,49,50,51,52,53 or bimolecular process when suitable
electronic and energetic conditions are satisfied in solution54 as depicted by the scheme
below.

From the Stern-Volmer quenching experiments, the triplet-triplet energy transfer (EnT)
occurs most likely by a bimolecular quenching process. The quenchers used as energy
acceptors have lower triplet energies and the triplet state can be easily monitored by its
strong triplet-triplet absorption in the transient spectra at a specific wavelength depending
on the type of triplet quencher being used and the decrease in the complex lifetimes in
presence of triplet quencher. Table 4.5 shows the triplet molar extinction coefficients at
specific wavelengths monitored for the quenchers used. The values are obtained from
literature sources that have been measured using the energy transfer comparative
technique.
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Figure 4.18 UV-Vis absorption spectra of triplet acceptors quenchers used on the left and
their structures on the right
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Table 4.5 Triplet molar extinction coefficients (ε) at specific wavelength for the triplet
quenchers used that have been measured using the energy transfer comparative technique.
3

Quencher31

Triplet Energy (ET)

1

Pyrene

(cm-1)
16 930

2

Benz[a]anthracene

16 500

197

3

Acridine

15 870

190

4

Phenazine

15 561

186

5

Anthracene

14 870

178

(kJ/mol)
203

Excited State (ε)
(L mol−1 cm−1)55,56,57
20 900 (420 nm; benzene)
30 400 (412 nm; cyclohexane)
20 500 (490 nm; benzene )
28 800 (480 nm; cyclohexane)
24 300 (440 nm; benzene)
31 500 (432 nm; cyclohexane)
15 100(440 nm; methyl cyclohexaneMCH)
36 700 (378 nm; MCH)
38 400 (356 nm; MCH)

6

9,10Diphenylanthracene

14 290

171

45 500 (430 nm; benzene)
64 700 (422 nm; cyclohexane)
24 000 (429 nm; benzonitrile)58
17 700 (445 nm; benzene)

7

9,10Dibromoanthracene

14 060

168

48 000 (427.5 nm; toluene)

13 600

163

4 000 (360 nm; benzene)

Porphyrin,
9 tetraphenyl-,zinc(II)

12 800

153

71 000 (470 nm; MCH)
38 000 (400 nm: MCH)

10

12 260

148

39 000 (436 nm; cyclohexane)
53 000 (700 nm: cyclohexane)

8

Azulene

Perylene

59

11

Rubrene

9 200

110

15 000 (440 nm; toluene)
19 000 (470 nm; toluene)
26 000 (495 nm; toluene)

144

4.8.3 Triplet Energy Transfer Evidence from Rhenium Complexes to 3Quenchers
This section starts by showing the kinetic traces monitored as evidence of triplet energy
transfer from rhenium complexes to various triplet quenchers at a specific wavelength
(Figure 4.19). It is then followed by quenching constants of triplet state quenchers with
rhenium carbonyl complexes. The rate constants were experimentally determined for the
various triplet energy acceptors. The quenching constants are summarized in Table 4.64.8.
The quenching constants were then used to plot the graphs of triplet energy transfer
constant (log kq) verses triplet state energies (ETA). The plotted graphs are figures 4.20a-c.
The graphs were used to estimate the triplet-state energy of rhenium carbonyl complexes.
The summary of experimental triplet energy and DFT computed results are presented in
Table 4.9 page 163. The triplet energy gererally decreases as the vinyl-phenyl linker for
both the anthracene and pyrene aryl groups is increased in length. However, high triplet
values were obtained for alkoxy substituted ligands.
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Figure 4.19 Kinetic traces showing evidence of triplet energy transfer from rhenium
complexes to triplet 3Quenchers at specific wavelength.
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Table 4.6 Quenching constants of selected triplet state quenchers with rhenium carbonyl
complexes [1-3] in deaerated THF at room temperature

3

Quencher

Triplet Energy (ET) fac-[Re(CO)3
fac(An-v[Re(CO)3
bpy)Cl]
(An-vpvbpy)Cl]

fac-[Re(CO)3
(An-vpvpvbpy)Cl]

1

Pyrene

cm-1
16 930

2

Benz[a]anthracene

16 500

197

-

-

-

3

Acridine

15 870

190

-

-

-

4

Phenazine

15 561

186

7.22

-

-

5

Anthracene

14 870

178

6.96

-

-

9,10Diphenylanthracene
7 9,10Dibromoanthracene
8 Azulene

14 290

171

7.54

-

-

14 060

168

7.32

-

-

13 600

163

8.47

-

-

9

Porphyrin,
tetraphenyl-,zinc(II)
10 Perylene

12 800

153

8.33

-

12 260

148

8.79

8.23

8.21

11

9 200

110

8.11

8.41

8.13

6

Rubrene

kJ/mol
203

log k
-

log k
-

log k
-
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Table 4.7 Quenching constants of selected triplet state quenchers with rhenium carbonyl
complexes [4-6] in deaerated THF at room temperature.
Triplet Energy
(ET)
3

Quencher

fac[Re(CO)3
(Pyr-vbpy)Cl]

fac[Re(CO)3
(Pyr-vpvbpy)Cl]

fac-[Re(CO)3
(Pyr-vpvpvbpy)Cl]

cm-1

kJ/mol

log k

log k

log k

-

-

-

-

-

1

Pyrene

16 930

203

2

Benz[a]anthracene

16 500

197

3

Acridine

15 870

190

6.85

-

-

4

Phenazine

15 561

186

7.57

-

-

Anthracene
9,106 Diphenylanthracene
9,107 Dibromoanthracene

14 870

178

7.47

-

-

14 290

171

8.31

-

-

14 060

168

9.38

8.48

8.48

8

Azulene
Porphyrin,
9 tetraphenyl-,zinc(II)

13 600

163

9.24

8.16

8.34

12 800

153

9.31

9.35

10

Perylene

12 260

148

9.69

9.71

9.73

11

Rubrene

9 200

110

9.33

9.02

9.05

5
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Table 4.8 Quenching constants of selected triplet state quenchers with rhenium carbonyl
complexes [7-8] in deaerated chloroform at room temperature.
Triplet Energy
(ET)
3

Quencher

fac-[Re(CO)3
(An-vpORvbpy)Cl]

fac-[Re(CO)3
(Pyr-vpORvpvbpy)Cl]

cm-1

kJ/mol

log k

log k

1

Pyrene

16 930

203

-

-

2

Benz[a]anthracene 16 500

197

-

-

3

Acridine

15 870

190

-

-

4

Phenazine

15 561

186

Anthracene
9,106 Diphenylanthracene
9,107 Dibromoanthracene

14 870

178

14 290

171

7.57

9.70

14 060

168

7.61

9.33

8

Azulene
Porphyrin,
9 tetraphenyl-,zinc(II)

13 600

163

9.17

9.31

12 800

153

9.42

9.54

10

Perylene

12 260

148

9.54

9.83

11

Rubrene

9 200

110

9.39

8.84

5

8.10

9.2

10.5

8.8

10.0

8.4

9.5

8.0

9.0

log k

log k
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Figure 4.20a Rhenium complexes [1-3]

Figure 4.20b Rhenium complexes [4-6]
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Figure 4.20c Rhenium complexes [7-8]
Figure 4.20 Plots of the logarithm of the bimolecular quenching rate constant for triplet
energy transfer (log kq) of selected triplet state quenchers versus acceptor triplet state
energies (ETA) for rhenium carbonyl complexes [1-8]

.
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4.8.4 Excited State Molar Absorptivity of Rhenium (I) Complexes Using Energy
Transfer to a Standard
The molar absorption coefficients for both the ground state and the excited state are the
two physical constants essential in evaluating a material for Reverse saturable absorption
(RSA) properties in solution. Finding molar absorption in the ground state is not a
problem because the solution remains homogeneous and is stable; on the other hand,
finding molar absorption in the excited state of a transient species is a challenging task
and difficult to precisely measure. The excited state molar absorptivity can be measured
using an energy transfer method as explained by Hug and coworkers56. The rhenium
carbonyl complex (donor, D) and triplet acceptor quencher (Acceptor A) are placed in
one cell; the acceptors used have a known triplet extinction coefficient. Initially the triplet
of the donor “D” is populated by exciting it selectively at wavelengths where the acceptor
“A” does not absorb light; after the donor triplet is populated it can transfer the energy to
the acceptor triplet by dynamic quenching by collision. The assumption made is that
every donor triplet molecule produces corresponding acceptor triplet molecule and,
therefore, in the ideal experimental case, the initial concentration of the donor triplet is
equal to the final concentration of the acceptor triplet and therefore:
ΔƐ*D = ΔƐ*A (ΔODD - ΔODA)
Ɛ*D = unknown rhenium extinction coefficient; Ɛ*A = known quencher reference
extinction coefficient; Super script “*” refers to the excited state; The ΔODD for the
rhenium donor is set equal to the ΔOD extrapolated back to time zero and ΔOD for the
acceptor quencher is set to ΔOD at time t=0 (after sensitization of the acceptor)
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In the excited state, we have D* – A  D – A*
The fraction of D* that sensitizes A* from the Stern-Volmer quenching is:
τ/τ0 = (1 + kqτ0[Q])-1 where τ/τ0 is the fraction of excited state not quenched
The fraction of excited state quenched is:
1- τ/τ0 = 1- (1 + kqτ0[Q])-1 = {(1 + kqτ0[Q]) – 1}/(1 + kqτ0[Q]) = (kqτ0[Q]) /(1 + kqτ0[Q])
The energy is transferred to A and then [A*] is determined near t=0, but at this instance,
D* is gone.
Using the ΔƐ at some wavelength (λ), and ΔOD, we can obtain [*A] formed, and with
[*A] formed and knowing the fraction of D* that led to the formation of [*A], we can
determine [*A] and ΔƐ*D
ΔƐD* = (ΔODλ)t=0/([*A]/Fq; where [*A]/Fq = concentration of D* formed at t=0
The other approach in explaining measuring of triplet-triplet molar extinction coefficients
by energy transfer to a standard method is further explained by Hug and coworkers55 and
outlined below in relation to our system.
“ The molar absorption coefficient is given by the simple relation ε = A/cl. and from this
relation, to find the molar absorption coefficient (ε) of a species, concentration (c) need to
be obtained, and absorbance (A) along an optical path length (l). For a species in the
excited state, the absorbance (A) and the concentration (ε) must refer to the same physical
space within the optical cell and to the same time (t). The transient species should be in
isotropic solution and homogeneous. In most cases, absorbance (A) is calculated from A =
log10 (Po/P) where Po is the transmitted photon fluxes in the absence and (P) presence of
the transient species”.
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The energy transfer method involves comparing unknown triplet absorption with another
triplet, or product of a triplet of known molar extinction coefficient. Flash photolysis and
pulse radiolysis have been used largely to measure absorption of transient species in
solution. In our research, the photolytic method was used to measure molar absorption
associated with triplet-triplet transitions by use of energy transfer quenchers.
Measuring of triplet-triplet extinction coefficients has also been explored in details by
Bensasson and coworkers60 and explained below relating to our context.
The experimental and calculated triplet levels of the rhenium (I) complexes synthesized
are between 10000 cm-1 and 13000 cm-1 and the triplet energy acceptors should be equal
to or below the energy of the rhenium donor chromophore. The advantages for our
rhenium donor chromophores are the lifetimes are long their and triplet absorption is
accessible.
The assumption is made that all acceptor triplet states are formed via energy transfer from
triplet donors and the efficiency of energy transfer is 100% and that one triplet acceptor
molecule is formed after collision with one donor triplet molecule provided that the
triplet energy difference between donor and acceptor is greater or equal to12 kJ mol -I, ( ≥
1000cm-1) and the transfer is irreversible. The possible setbacks to energy transfer
leading to “energy waste” are electron or hydrogen atom transfer, charge-transfer
complex formation, etc60.
The solvents used in our experiments were either tetrahydofuran (THF) for rhenium
carbonyl complexes [1-6] or chloroform for complexes [7-8]. The molar extinction
coefficient of triplet quenchers used in the energy transfer are known and are dependent
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on solvent used and for this reason accurate measurement of excited state molar
absorptivity might not be to a high degree of accuracy because of solvent differences60.
The energy transfer method is most widely used method in determining molar absorption
coefficients of triplet transients and the key assumption being made is that the quenching
of the donor triplet proceeds only by energy transfer. The method is limited only to
solution phase so that the donor and acceptor molecules in solution can diffuse and
encounter each other. Knowledge of the quantum yield of triplet formation is not
required. The same experimental condition is used in determining the absorbance, thus
homogeneous and isotropic solution is maintained, but, with many factors in play such as
refractive index, mirage, diffraction, scattering etc. it is usually a hard task to calculate
the value of the molar absorption with reasonable accuracy60.
The sensitizer or donor (rhenium complexes in our case) is excited selectively by the
laser; in this case excitation was at wavelength where the acceptor will not be excited,
which can be a limitation in some cases. The quenching rate constant (ket) should be
greater than the reciprocal of the lifetime of the sensitizer (1/τ) ket[Q] >> (1/τ), this is to
ensure that there is some delay between excitation and measuring of absorbance to allow
complete transfer of energy.
Reversible energy transfer must be avoided by ensuring that the triplet energy of the
donor must be higher than that of the acceptor; the difference should be at least
(~1000cm-1). Also, both the donor and acceptor in the energy transfer process should not
react with each other in their triplet state 60.
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(a) Zinc Tetraphenylporphyrin [ZnTPP] Triplet Acceptor Quencher
For rhenium carbonyl complexes fac-[Re(CO)3(Pyr-vpv-bpy)Cl] [5], fac-[Re(CO)3(Pyrvpvpv-bpy)Cl] [6] and fac-[Re(CO)3(An-vpORv-bpy)Cl] [7] the standard that was used
was ZnTPP triplet quencher whose molar absorption coefficient (εex) is 74000M-1cm-1 at
470nm in toluene61.
The rhenium chromophore sensitizer is then excited by the laser in the absence of the
energy acceptor quencher (ZnTPP) and the lifetime is recorded. The rhenium sensitizer is
then excited selectively by the laser in the presence of the energy acceptor quencher
(ZnTPP). The fraction (ηq) of rhenium complexes quenched can be calculated from this
information.


Example for rhenium complex fac-[Re(CO)3(Pyr-vpv-bpy)Cl] [5]

Fraction of 3Re* quenched: ηq = 1 – (τt /τo)
ηq = 1 – (11.6 µs /13.5 µs)
ηq = 0.1407
Where (τt) represents lifetime in the presence of quencher and (τo) is lifetime in the
absence of a quencher
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Figure 4.21b Kinetic trace at 610 nm
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Figure 4.21c Transient absorption spectra
Figure 4.21 Steps in calculating excited state molar absorptivity (ε) of complex [5] using
ZnTPP triplet acceptor quencher by energy transfer method (explanations below)

The solvent used is argon purged tetrahydofuran (THF), with an excitation wavelength of
460nm used at room temperature conditions
Figure 4.21a Shows the rise of the 3[ZnTPP] absorbance at 470nm following excitation
of the Re(I) complex at 460nm. The positive absorbance at time zero is 0.112 and this is
obtained by extrapolation the kinetic trace to time zero and it is the (y) intercept. The
excitation wavelength used was 460nm to selectively excite the rhenium complex but not
the ZnTPP acceptor.
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In Figure 4.21b the kinetic trace at 610nm for measuring lifetime of the excited Re(I)
complex in the presence of ZnTPP quencher is shown. This wavelength is chosen
because the kinetic decay trace is only contributed by the rhenium carbonyl complex but
not the ZnTPP acceptor.
Figure 4.21c Shows transient absorption spectra collected on the microsecond (μs)
timescale for rhenium complexes. The spectra were determined from a single exponential
fit to transient kinetics collected between 500 nm and 800 nm at an interval of 10 nm.
The transient at 1.1 μs was taken to be positive absorbance to represent absorbance at
time zero; this is assumed as the time when the energy has not been transferred to the
ZnTPP quencher.
From the kinetic trace at 470 nm the concentration of 3A (ZnTPP acceptor) can be
calculated made from the equation below:
Δ Absorbance at time = 0. From the beer lambert law equation A = εcl
[3Re*] = ([Δ Abs. at 470 nm]/ Excited state molar absorptivity (ε) of 3A]) / ηq
Δ Absorbance at 470 nm = 0.112 (at t = 0)
εex= 74 000M-1cm-1 ( Toluene at 470nm). For my case I used THF as
solvent
ηq = 0.14
[3A] = 1.1E-5M
[3Re*] formed = 1.1E-5M/ 0.14 = 7.9E-5
The assumption made here is that the excited state species formed by rhenium complexes
is equal to excited state of acceptor (ZnTPP) formed, The other assumption made is that
the energy transfer quenching yields100% (i.e, there is no relaxation back to the ground
state initially)
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The excited molar absorptivity (Ɛ) can now be calculated because the concentration (c) is
known and it is divided with the absorbance (A) from the transient at time zero (t = 0); at
different wavelengths from 500-800 nm
(b) Anthracene Triplet Acceptor Quencher
For rhenium carbonyl complexes fac-[Re(CO)3(An-v-bpy)Cl] [1] and fac-[Re(CO)3(Pyrv-bpy)Cl] [4] the standard that was used was anthracene triplet quencher whose molar
absorption coefficient (εex) is 24000 M-1cm-1 at 429 nm and benzonitrile as the solvent58.
The same procedure was used as above for Zinc tetraphenylporphyrin, [ZnTPP] triplet
quencher to calculate excited state molar absorptivity (εET) of rhenium complexes. The
solvent used is in this case is argon purged Tetrahydofuran (THF), excitation wavelength
of 420 nm used, at this wavelength only the rhenium chromophore will be excited but not
the anthracene quencher at room temperature conditions.
(c) Perylene Triplet Acceptor Quencher
For rhenium complexes fac-[Re(CO)3(An-vpv-bpy)Cl] [2] and fac-[Re(CO)3(An-vpvpvbpy)Cl] [3] the standard that was used was perylene triplet quencher whose molar
absorption coefficient (εex) is 39 000 M-1cm-1 at 436 nm and 53 000 M-1cm-1 at 700 nm;
with cyclohexane as the solvent59.The same procedure was used as above for Zinc
tetraphenylporphyrin, [ZnTPP], triplet quencher to calculate excited state molar
absorptivity (εET) of rhenium complexes. The solvent used is in this case is argon purged
Tetrahydofuran (THF). An excitation wavelength of 460nm used, at this wavelength only
the rhenium chromophore will be excited but not the Perylene quencher at room
temperature conditions.
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At around 700nm the transient absorption kinetic trace cannot be used to find lifetime,
this is because both the rhenium chromophore and perylene have excited state absorption
with perylene having a maximum in its excited state absorption at this wavelength. The
exponential fit fits more of double exponential decay than a single exponential. This is
also an evidence of energy transfer to perylene monitored at700 nm. The kinetic trace at
530 nm was used to find lifetime of the Re(I) complexes; this is the region in which
perylene does not have any excited state absorption.
(d) 9,10-dibromoanthracene (9,10-DBrAn) Triplet Acceptor Quencher
For rhenium carbonyl complex fac-[Re(CO)3(An-vpORvpv-bpy)Cl] [8] the standard that
was used was 9,10-dibromoanthracene (9,10-DBrAn) triplet quencher whose molar
absorption coefficient (εex) is 48000 M-1cm-1 at 427.5 nm with toluene as the solvent61.
The same procedure was used as above for Zinc tetraphenylporphyrin, [ZnTPP] triplet
quencher to calculate the excited state molar absorptivity (εex) of rhenium complexes.
The solvent used is in this case is argon purged chloroform. An excitation wavelength of
460nm used; at this wavelength only the rhenium chromophore will be excited but not the
9,10-DBrAn quencher at room temperature conditions.
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4.9 Preliminary Reverse Saturable Absorption (RSA) Properties
The ratio of effective excited-state to ground-state absorption cross sections (δex/δg) of
metal phthalocyanines containing heavy metal atoms i.e In, Sn, and Pb have been shown
to increase by nearly a factor of two compared to those containing lighter atoms such as
Al and Si62 . The same heavy-atom effect can be inferred for our rhenium complexes
whereby upon excitation, the rhenium will ease the formation of a high triplet excited
state population through intersystem crossing and thus enhance the triplet excited-state
absorption (δex).
The triplet-triplet molar extinction coefficients (δex) of the rhenium carbonyl complexes
measured by energy transfer to a standard method were divided by the ground state molar
absorptivity (δg ) to obtained the ratio (δex/δg ). The results have been plotted in graphs
figure 4.23-4.25. The nonlinear absorption characteristics for all complexes at 530nm and
above are δex/δg ≥40 which make them potential candidates for RSA. The wavelength
chosen is near 532 nm which is near to the laser power of ND:YAG and our goal is to
have a material that can block it. Further evaluations of the materials by Z-Scan
measurements are currently being investigated by the U.S. Army Research Laboratory in
Maryland.
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Figure 4.23a Ground state (GS) molar absorptivity from 500-800 nm for complexes 1-3
Figure 4.23b Excited state (ET) molar absorptivity from 500-800 nm for complexes 1-3
Figure 4.23c Excited state (ET)/ Ground state (GS) molar absorptivity from 500-600 nm
for complexes 1-3
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Figure 4.24a Ground state (GS) molar absorptivity from 500-800 nm for complexes 4-6
Figure 4.24b Excited state (ET) molar absorptivity from 500-800 nm for complexes 4-6
Figure 4.24c Excited state (ET)/ Ground state (GS) molar absorptivity from 500-690nm
for complexes 4-6
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Figure 4.25a Ground state (GS) molar absorptivity from 500-800 nm for complexes 7-8
Figure 4.25b Excited state (ET) molar absorptivity from 500-800 nm for complexes 7-8
Figure 4.25c Excited state (ET)/ Ground state (GS) molar absorptivity from 500-650 nm
for complexes 7-8
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4.10 Summary of Photophysical Properties
Table 4.9 Summaries of the photophysical properties: Triplet energy, excited state
lifetime, reduction potential and ratio of excited state to ground state absorptivity at
approximately 532 nm.
Complex
1

fac-[Re(CO)3(An-v-bpy)Cl]

2

fac-[Re(CO)3(An-vpv-bpy)Cl]

3

fac-[Re(CO)3(An-vpvpv-bpy)Cl]

4

fac-[Re(CO)3(Pyr-v-bpy)Cl]

5

fac-[Re(CO)3(Pyr-vpv-bpy)Cl]

6

Triplet
Energy
± 300cm-1
(Calculated)

Lifetime
(RT)
τDeg.(µs)

Re1+/0
E1/2 red.
SCE
(V)

δex/δg
(≈)
@532
nm

12 800
(10 800)
12 300
(10 500)
12 300

2.2

-1.20

310

13.0

-1.21

210

16.1

-1.21

40

9.8

-1.17

2642

13.5

-1.19

418

fac-[Re(CO)3(Pyr-vpvpv-bpy)Cl]

13 700
(12 900)
12 500
(12 400)
12 500

38.3

-1.19

584

7*

fac-[Re(CO)3(An-vpORv-bpy)Cl]

13 000

5.9

-1.21

232

8*

fac-[Re(CO)3(An-vpORvpv-bpy)Cl]

13 900

14.9

-1.20

134

**

fac-[Re(CO)3(bpy)Cl]

642nm
(RT Em.)
540nm
(77K)

39ns(RT)
3.12µs
(77K)

- 1.35

*For rhenium complexes 7 and 8, the solvent used was chloroform. **From literature, CH3CN used for RT
absorption and emission, mTHF used for 77K emission39

4.11 Conclusion
The rhenium (I) carbonyl complexes with the long chain di-alkoxy group attached to the
phenyl ring in the anthracene bipyridine ligands not only increased their solubility but
also increased the ground state molar absorptivity and red shifted the absorption maxima
of rhenium complexes coordinated to them compared with corresponding un-substituted
rhenium carbonyl complexes, which are desirable properties for the goal of having a
reverse saturable absorber (RSA) for blocking ND:YAG laser power at around 532 nm.
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The excited state triplet energies for the series of newly synthesized aryl bipyridine
ligands and some of their corresponding Re(I) carbonyl complexes were computed by
DFT methods and are almost in agreement with the experimental values obtained using
energy transfer method using the simple Sandros relation and as predicted, triplet
energies decrease as the phenylene-vinylene linker increases in length. The
electrochemical properties of the complexes were also investigated by cyclic
voltammetry (CV).
Both nanosecond and picosecond time resolved absorption for the rhenium complexes are
also reported and they show strong positive excited-state absorption signals in 500-800
nm range. The observed lifetimes of the synthesized rhenium complexes are relatively
long; they are in the range of 2 μs to almost 40 μs and complexes with ligands attached to
the pyrene aryl group have longer lifetimes than those with anthracene. The lifetimes also
increase with the increase in phenylene-vinylene linker repeat units.
Triplet-triplet molar extinction coefficients (δex) of the complexes were measured by the
energy transfer to a standard method and the ratios to the ground state molar absorptivity
(δg ) were obtained (δex/δg ) in the 500-700nm range. The nonlinear absorption
characteristics for all complexes are δex/δg ≥40 at 530nm which make them potential
candidates for RSA. Further evaluations of the materials are currently being investigated
by Dr. William Shensky III of the U.S. Army Research Laboratory, Maryland.
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PART TWO
CHAPTER 5.0 INTRODUCTION
5.1 Introduction
Energy is the most important issue of humankind today; most of our energy comes from
fossil fuels, a finite resource and unevenly distributed beneath earth’s surface. Fossil fuel
reserves are decreasing and their use produces pollution that threatens people’s health and
environment and this calls for a need to tackle the energy crisis by looking for alternative
energy source and the most convenient one is the solar energy for a number reasons. The
sun’s energy is fairly distributed all over the world and has a huge amount of energy. The
amount of energy humans use annually is about 4.6 x 1020 joules, which is delivered to
Earth by sun in one hour1. It has a big potential as a clean, abundant, and free energy
source, but, for these to happen, materials that can convert it into storable forms of energy
are needed2. Ruthenium complexes have been demonstrated to assist in the process as an
artificial solar energy harvesting system3,4.
Ruthenium (II) polypyridyl complexes attached to polymer chains have very interesting
photochemical, photophysical and electrochemical properties. Ru(II) bipyridyl complex
chromophores can have different coordination environments allowing the control of
excited state energetics. Furthermore, attaching them to arrays in the form of
(co)polymers allows for the design of systems having an energy gradient in which it will
facilitate migration of excitation energy. Electronic energy transfer may be used to link
two or more visible light absorbing materials to provide strong absorption across a broad
portion of the solar spectrum5 thus allowing light harvesting of a larger portion of the
solar spectrum.
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5.2 Energy and Electron Transfer in Polynuclear Metal Cluster
When a molecule absorbs photons, it results in excitation from a lower energy ground
state to higher energy excited state. The deactivation of the excited state can occur via
various pathways: light emission or phosphorescence, loss of energy as heat by
radiationless deactivation, intramolecular photochemical reaction and quenching by
interacting with other species in solution6. In the excited state, electron transfer can take
place and figure 5.1 below shows an energy level diagram having electron transfer as one
of its decay pathways and population of a charge transfer (CT) states.

S0 = ground state singlet; S1 = excited state singlet; T1= triplet state; vr = vibrational relaxation;
isc = intersystem crossing ic = iso-energetic internal conversion

Figure 5.1 Jablonski diagram: The first excited singlet state (S1) has electron transfer as
one of its decay pathways7.
Emission of light from the singlet excited state (S1S0) is short lived (Fluorescence)
while emission from triplet excited state to singlet ground state (T 1S0) is longer lived
(phosphorescence). Non radiative radiationless deactivation occurs via intersystem
crossing (isc), internal conversion (ic) or vibrational relaxation (vr)8.
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If the excited state is long lived enough, it can participate in bimolecular reactions which
might lead to a quenching process. The quenching process can often occur by energy or
electron transfer. The excited state energy for the quencher must be lower than the donor
for energy transfer to occur. The photoinduced electron transfer and energy migration
between the donor (D) to nearby acceptor (A) can be illustrated as follows:9,10,11.

……………….…….……… (i)
Where (hv) is the light exciting the donor, (ET) is energy transfer between the
electronically excited state donor (D*) to nearby ground state energy acceptor (A) and
(eT) is the electron transfer8.
Energy transfer requires that electronic excitation of molecule (A) does not absorb the
incident light12.There are two mechanisms that are normally considered in discussions of
electronic energy transfer: Dexter and Förster. The energy transfer process that is short
range and proceeds through-bond is called “Dexter” and long range through-space is
called “Förster mechanism. The Förster process has been demonstrated to be much faster
than Dexter process in conjugated polymers13,14 and both processes require that the
energy conservation condition be satisfied8. The two processes can be represented by
diagrams as shown in figure 5.2.
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(a) The Dexter mechanism

(b) The Förster mechanism

Figure 5.2 Representation of the Dexter (left) and Förster (right) mechanisms of
electronic energy transfer8,15.
In the Dexter mechanism, energy transfer occurs through the exchange of electrons
between the donor (D) and the acceptor (A) while in the coulombic energy transfer
(Förster mechanism) two transitions occur simultaneously in a process that could be
described as the transfer of a "virtual photon" via dipole-dipole coupling.
5.2.1 Förster Resonance Energy Transfer
The Förster dipole-dipole mechanism is influenced by relative orientations and the
distance between the donors and acceptors. When the donor chromophore (D) deactivates
from the excited state, that is D* D, it generates a transition dipole/electric field which
stimulates the formation of excited state acceptor A* that is A A*13. The dipolar energy
transfer rate constant is given by the equation (ii)16.
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………………...………….. (ii)
Where (ΦoD) is the luminescence quantum yield of the donor (D) in the absence of
acceptor (A); (k2) the dipole orientation factor; (ƞ) the average refractive index of the
medium (solvent) in the region of spectral overlap; (J) the spectral overlap integral
between donor emission and acceptor absorption; (NA) is avogadro's number; (τD) is the
excited state lifetime of the donor, and (R) is the donor-acceptor separation or transfer
distance. The spectral overlap integral (J) can be evaluated according to the following
equation:

………………..………………………….. (iii)

Where

is the donor normalized emission spectrum area and

the acceptor molar

absorption absorptivity. The spectral overlap integral (J) quantifies the resonance
condition necessary for dipole-dipole coupling. Equation (ii) can be written in terms of
the Förster critical transfer radius R0, the distance at which the transfer efficiency equals
50%. Equation (iv)16.

……………………………………..……………… (iv)
Energy migration by Förster processes (dipole-dipole interactions) is well-known in
nonconjugated polymers. In polymers, Fluorescence Resonance Energy Transfer (FRET)
is encouraged when the donor portion of polymer emission overlaps the absorbance band
of an acceptor chromophore appended17.
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5.2.2 Dexter Energy Transfer
The Dexter hopping mechanism relies on significant orbital overlap. It is a very short
range process and it requires the overlap of the wavefunctions of the two species. It can
be viewed as a double electron exchange within the molecular orbitals of the donor and
the acceptor. The rate of energy transfer by electron exchange depends exponentially as a
function of the separation distance between the donor (D) and the acceptor (A)13. The
Dexter energy transfer rate constant is given by the equation (v):
kET (Dexter) = KJ exp(-2RDA/L) ……………………….………….(v)
Where the symbols (K) is related to specific orbital interactions; (J) is the normalized
spectral overlap integral; (RDA) is the donor-acceptor separation relative to their Van der
Waals radii or Bohr radius; (L) depends on the system under consideration and with this
definition, (RDA) corresponds to the edge-to-edge separation.
5.2.3 Intramolecular versus Intermolecular Energy Migration
The rate and efficiency of energy migration in conjugated polymers is dependent on
conformation, aggregation, and electronic structure properties of polymers. This
dependence is because of the fact that energy migration can occur both intramolecularly
or intermolecularly in polymer materials.13,18.
A polymer in dilute solutions is free of any specific interactions between polymer chains
or chain segments and allows intramolecular energy migration processes to occur. On the
other hand, a polymer in solution at high concentration allows close packing allowing the
formation of aggregates. The dominant mechanism in aggregated states is intermolecular
energy transfer process although intramolecular energy migration process could still
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occur but at a slower rate. Energy transfer between different parts of a folded–back
polymer chain is classified as intermolecular transfer process. It has been also been
demonstrated experimentally and theoretically that the intermolecular process is more
efficient than intramolecular process13,19.
Intramolecular energy transfer takes place in one dimension while intermolecular energy
migration process takes place in two or three dimensions and lastly intermolecular energy
transfer usually takes place via Förster processes since the donor and acceptor belongs to
different molecules, while in intramolecular energy transfer takes place via the Dexter
process since the donor and acceptor are neighboring in the same chain 13.
5.2.4 Gibbs Energy of Photoinduced Electron Transfer
The free energy is the driving force of a chemical reaction; it influences the rate of
electron transfer process. The free energy of electron transfer can be related simply by the
following equation:20
-ΔGet° = E(S1) - E(D+/D) + E(A/A-) +

……………………….(vi)

Where: E(S1) is the excited state energy; E(D+/D) is the oxidation potential of the donor
and E(A/A-) is the reduction potential of the acceptor and the last term

is the coulomb

energy in free energy of electron transfer and it is associated with the separation of
charges in the electron transfer products. The Coulombic energy is usually small in rigid
polymer matrix systems and can be neglected20.
The relationship of Gibbs free energy to the electron transfer rate is given by:
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………………………………………. (vii)
Where A is a constant taken to be the same for donor-chromophore complexes and from
the Marcus theory, the value of ΔG‡ can be expressed as a quadratic relationship as
follows:

…………………………..………. (viii)
Where λ is the nuclear reorganization energy and ΔG is for an exothermic reaction and
the reorganizational energy has been shown to be dominated by outer sphere interactions
for ruthenium polypyridyl complex systems21.
Potential energy curves of an electron transfer reaction for the initial (i) and final (f)
states of a system are usually represented by parabolic functions as shown by figure 5.3.

Initial state (i), final state (f); Marcus (a) and quantum mechanical (b)

Figure 5.3 Marcus and quantum mechanical free energy dependence of electron transfer
rate
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The free energy dependence of an electron transfer rate is shown by the three kinetic
regimes namely, (a) normal, (b) activationless, and (c) ‘‘inverted’’. They are shown
schematically in terms of Marcus parabola by figure 5.322.
A normal regime is usually the thermally activated process (–λ < ΔG0 < 0). An
activationless regime is where a change in the driving force does not cause a big change
to the reaction rate (–λ ≃ ΔG0) and lastly the ‘‘inverted’’ regime is for the strongly
exergonic processes (–λ >ΔG0)15.
5.3 Photoinduced Energy and Electron-Transfer Processes in Metal Complexes
Photoinduced excited-state energy and electron-transfer reactions are the basic processes
used in following light energy inputs. Ruthenium (II) polypyridyl complexes and related
complexes have long been used to study photoinduced intermolecular energy and
electron-transfer processes over wire-type bridges and macrocyclic bridges. The
examples are shown by figures 5.4, 5.5 and 5.73.
(a) Wire-type bridges

Figure 5.4 Structures of the wire-type bridges Ru and Os complexes3.
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Figure 5.4 above is an example of photoinduced energy (A) and electron (B) transfer
processes over long distance. When the [Ru(bpy)3]2+ unit in compound (A) is excited, it
is then followed by electronic energy transfer to the ground state [Os(bpy)3]2+ unit. The
rate constant for energy transfer for compound (A, 24+) is 1.3 ×106 s−1 , such an energytransfer process takes place via a Dexter-type mechanism. On the other hand, the unit
[Os(bpy)3]3+ in compounds (B, 25+) is obtained by chemical oxidation. When the
[Ru(bpy)3]2+ unit in compound (B) is photoexcited, it will result in the transfer of an
electron to the Os-based moiety with a rate constant of 3.4×107 s−1. If the electron added
to the [Os(bpy)3]3+unit is not rapidly removed, a back electron-transfer reaction with a
rate constant of rate constant 2.7×105 s−1 will take place from the [Os(bpy)3]2+ unit to the
[Ru(bpy)3]3+. These processes can be depicted by energy level diagram figure 5.6 3,23,24,25.
(b) Macrocyclic bridges

Figure 5.5 Structures of the macrocyclic Ru and Os complexes3.
In figure 5.5 above, are the Ru-based and Os-based units. Electronic energy transfer from
the Ru(II) to the Os(II) unit takes place by two distinct processes with rate constants of
2.0×108 and 2.2×107 s−1 at 298 K. The oxidation of the Os(II) unit to Os(III) is
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accomplished by the use of Ce(IV) or nitric acid to have [(bpy) 2RuII(3)OsIII(bpy)2]5+
complex. Light excitation of the Ru(II) unit of [(bpy)2RuII(3)OsIII(bpy)2]5+ complex is
followed by electron transfer from the Ru(II) to the Os(III) unit (kel,f = 1.6×108 and
2.7×107 s−1). These processes can be depicted by energy level diagram figure 5.6 3,26 .

Key: solid line, excitation; dashed line, luminescence; wavy line, radiationless decay.

Figure 5.6 Energy state diagrams showing photoinduced energy: a Ru(II) and an Os(II)
or electron-transfer processes: a Ru(II) and an Os(III) complexes linked by a bridge3.
(c) Switching off electron and energy transfer processes

Figure 5.7 Compound consisting of a [Ru(bpy)3]2+ and a [Os(bpy)3]2+ moieties bridged
by an anthracene unit (above) and corresponding energy level diagram (below) showing
“self-poisoning” of energy transfer3.
In the triad shown in figure 5.7, the lowest triplet energy level of the anthracene bridge
lies in between the lowest triplet MLCT excited-state of the Ru- and Os-based
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complexes, and thus energy transfer from the [Ru(bpy)3]2+ to the [Os(bpy)3]2+ moiety is
very fast (k = 4.7 × 108 s−1). In aerated solution (oxygen present) with continuous visible
light irradiation, the relatively long-lived excited-state of the [Os(bpy)3]2+ moiety will
cause singlet oxygen to form. The singlet oxygen will attack the anthracene ring to form
the endoperoxide derivative. As a result, the delocalization of the π-system on the bridge
is reduced. The lowest energy excited-state of the bridge moves to much higher energy,
and electron or electronic energy transfer is switched off 3,27.
5.4 Light Harvesting in Polymers
Exciton as defined by International Union of Pure and Applied Chemistry (IUPAC) Gold
book is electronic excitation considered as if it is a quasi-particle and capable of
migrating. Energy migration/transfer could occur over very large distances along the
polymer chain depending upon lifetime of the exciton and relative loading of the
acceptor. In polymers, two forms of energy transfer can be present, energy migration
among the identical excitonic sites of polymer backbone (homotransfer) and energy or
electron transfer to a quenching acceptor chromophore with different chemical structure
(heterotransfer). The process of energy migration follows a random walk between
energetically degenerate and equidistant chromophores. In conjugated polymers, energy
migration occurs through the extended π-system of the polymer backbone where a facile
energy migration occurs along the polymer backbone to the occupied receptor sites. The
process can be represented using an energy level diagram as shown in figure 5.813,28.
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Figure 5.8 Illustration of light harvesting in polymers by energy migration
In figure 5.8 above, excitons are created by absorption of a photon (hv) and then they
migrate along the polymer backbone. At the end of the polymer is a trap site whereby the
excitation is effectively deactivated by electron-transfer quenching28.
Efficient energy-transfer is when the entire donor excited state is converted into an
acceptor excited state without loss in the luminescent quantum yield of the acceptor 29.
Light harvesting is a process whereby a monomer in a polymer of chromophores captures
incident light and dumps the energy out at the lower energy trap sites. This is the basis for
solar harvesting in photosynthesis13,14,19. The illustration in figure 5.8 is used in artificial
antenna systems for light harvesting where the energy trap inject electrons into titanium
oxide used in dye sensitized solar cells (DSSC)30.
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5.5 Goal of the Research
The second part of the research described in this dissertation includes the synthesis of
ruthenium (II) polypydidyl complexes/monomers and oligomers. The acrylamidefunctionalized monomers are composed of either Ru(II) bipyridine complex or Ru(II)
biquinoline complex as energy-donating (D) or energy-accepting (A) chromophore
respectively. They have been polymerized using the reversible addition - fragmentation
chain transfer (RAFT) polymerization. The above modification is expected to enhance
the oligomer ability to collect a broad spectrum in the visible region through a cascade
energy transfer by electronic energy transfer which is our major goal. This approach
should offer potential uses as photosensitizer for light harvester to provide strong
absorption across a broad portion of the solar spectrum.
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Chapter 6.0 Acrylamide Functionalized Bipyridine Ligand with C 11 Alkyl Linker
Synthesis and Characterization
6.1 Overview
This chapter section is about synthesis and characterization of acrylamide functionalized
bipyridine ligand with C11 alkyl linker which involves four reaction steps (scheme 6.1);
also included is two steps synthesis of phenothiazine functionalized bipyridine ligand
with C4 alkyl linker (scheme 6.2).
6.2 Experimental Section
The reagents: 1,10-dibromodecane, 1,3-dibromopropane, lithium diisopropylamide
(LDA), acryloyl chloride, triethylamine, hydrazine anhydrous, phenothiazine and sodium
hydride (NaH, 60 % dispersion in mineral oil) were obtained from Sigma Aldrich,
potassium phthalimide was obtained from Alfa Aesar. All organic solvents (THF, DMF,
chloroform, ethanol, methanol) used were obtained from Pharmco-AAPER.
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6.2.1 Synthesis of Acrylamide Functionalized Bipyridine Ligand with C11 Alkyl
Linker

Scheme 6.1 Synthesis steps for acrylamide containing bipyridine ligand [XII]
Reagents and conditions for the reactions:
(a) 1,10-Dibromodecane, Lithium di-isopropylamide (LDA), THF, 0°C, 74% (b) Potassium
phthalimide, DMF, 55°C ,16hrs, 90% (c) Hydrazine (N2H4), Ethanol, 70°C ,12hrs, 93% (Gabriel
synthesis) (d) Acryloyl chloride, Triethylamine, Chloroform, RT, 90%

The first reaction step involves de-protonation of 4,4’-dimethyl bipyridine with a strong
base (LDA) at low reaction temperatures followed by addition of excess α,ωdibromodecane under nitrogen protection . Freshly titrated LDA1 should be used so as to
determine the exact concentration to deprotonate only one methyl group in the bipyridine.
Potassium phathalimide reagent is used in the second reaction step to react with
bipyridine with bromide at the end of C11 alkyl chain [IX] obtained in the first reaction
step followed by deprotection of phalimide using hydrazine. This hyrazinolysis cleavage
to yield bipyridine with a primary amine at the end of C11 alkyl chain [XI] is commonly
referred to as Gabriel synthesis and utmost care should be taken when handling
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anhydrous hydrazine for it is dangerously unstable. The final step to obtain acrylamide
containing bipyridine ligand [XII] involves reacting the primary amine [XI] with
acryloyl chloride in presence triethylamine at room temperature. The 1H NMR spectra of
these precursor compounds and the final acrylamide functionalized bipyridine ligand with
C11 alkyl linker is shown by figure 6.1.
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Figure 6.1 1H NMR spectra (in CDCl3, 400MHz) of acrylamide bipyridine ligand with
C11 linker and preceding precursors
In figure 6.1, it shows 1H NMR spectra for the starting bromo-functionalized bipyridine
[IX], phalimido –intermediate [X], and for the amino-functionalized bipyridine [XI]
(CH2Br, CH2PhTh and CH2NH2 abbreviations stands for the methylene protons next to
the bromo, phalimido, and amino moeties respectively). The bottom spectrum is for
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acrylamide containing bipyridine ligand showing olefin resonances in the δ 5.5-6.5 ppm
region [XII]
Precursor mbpyC11Br [IX]: 4-(11-Bromoundecyl)-4’methylbipyridine2,3.
4, 4’-dimethylbipyridine [A] (2.5g, 13.57mmol) was dissolved in 70mL of anhydrous
tetrahydrofuran (THF) and cooled to temperatures below 0 oC with dry ice under nitrogen
in a flame dried flask. A sample of freshly titrated lithium di-isopropylamide (LDA),
(21mL, 15mmol), was added dropwise over approximately 20 minutes and the reaction
stirred for 1 hour at a temperature below 0oC. The solution was then allowed to warm to
0oC by placing in an ice bath for 10 minutes. 1, 10-dibromodecane (15.25mL, 118 mmol)
dissolved in dry THF was then added to the former solution at once by cannula transfer.
The reaction mixture was stirred for 2 hours before being quenched by addition of 50mL
of distilled water and the pH was adjusted to 7.0 with 2.0M HCl. 50mL of diethyl ether
was added to extract the aqueous phase followed by dichloromethane (2x50mL). The
combined organic extracts were dried with Na 2SO4, filtered and concentrated in vacuo.
The oily substance obtained was purified by column chromatography on silica, first with
DCM to remove 1, 10-dibromodecane and then with a gradient of dichloromethane/ether
(100:0 → 0: 100). The solvent was then evaporated to obtain a white solid. (4.05g, 74%)
1

H NMR (400MHz, RT, CDCl3): δ (ppm) 8.54 (t, J = 4.6Hz, 2H); 8.22 (m, 2H); 7.13 (d,

J = 4.7Hz, 2H); 3.40 (t, J = 6.9Hz, 2H); 2.69 (t, J = 7.9Hz, 2H); 2.44 (s, 3H); 1.84 (m,
2H); 1.68 (m, 2H); 1.41 (m, 2H); 1.27-1.32 (m, 12H).
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Precursor mbpyC11Ph [X]: 4-(11-Pthalimidoundecyl)-4’-methyl bipyridine2,3,4.
The precursor compound mbpyC11Br (2.35g, 5.83 mmol) was dissolved in dry DMF
(70mL) and solid potassium phthalimide (1.30 g, 7.00 mmol) was added to the solution
and heated at 55oC for 16hrs under nitrogen. The DMF was removed in vacuo and the
mixture poured onto ice and 100mL of chloroform. After separation the aqueous layer
was extracted with chloroform (3x20ML) and the combined organic layers dried with
Na2SO4, filtered and concentrated in vacuo to give an oily substance which solidified to
white solid after some a while. (2.46g, 90% yield) 1H NMR (400MHz, RT, CDCl3): δ
(ppm) 8.54 (t, J = 4.7Hz, 2H); 8.21 (m, 2H); 7.82 (m, 2H); 7.69 (m, 2H); 7.12 (d, J =
4.7Hz, 2H); 3.66 (t, J = 7.4Hz, 2H); 2.68 (t, J = 7.9Hz, 2H); 2.43 (s, 3H); 1.84 (m, 2H);
1.65 (m, 4H); 1.24-1.31 (m, 12H).
Precursor mbpyC11NH2 [XI]: 11-(4'-Methyl-[2,2'-bipyridin]-4-yl)undecan-1amine2,3,5.
The precursor compound mbpyC11Ph [X] (2.74 g, 5.83 mmol) was dissolved in 50mL
ethanol, anhydrous hydrazine (1.3mL, 29.2 mmol) was added and the mixture heated at
70oC for 12hrs. After cooling to room temperature, 50 ml saturated aqueous NaCl
solution was poured into the solution. The aqueous solution was made basic to pH=12
with 50% NaOH and then extracted with CHCl3 (3x50mL). The combined organic
extracts were dried with Na2SO4 filtered and concentrated in vacuo to give the product as
a white solid. (1.83g, 93% yield), 1H NMR (400MHz, RT, CDCl3): δ (ppm) 8.54 (t, J =
4.6Hz, 2H); 8.21 (m, 2H); 7.12 (d, J = 4.4Hz, 2H); 2.65-2.70 (m, 4H); 2.43 (s, 3H); 1.68
(m, 2H); 1.41 (m, 2H); 1.25-1.31 (m, 14H).
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Ligand mbpyC11NH-Acrylamide [XII]: 4-(11-Undecyl acrylamide)4’methylbipyridine6.
The precursor compound mbpyC11NH2 (1.83g, 5.4mmol) dissolved in 15mL of dry
CHCl3 and dry triethylamine (1.5mL, 10.8mmol) was placed into a 100mL round bottom
flask. The contents were cooled with ice and acroyl chloride (0.87mL, 10.8mmol, 2.0
equiv.) was added dropwise under nitrogen over 10minutes. The mixture was brought to
room temperature and left stirring overnight. The solution was washed with a saturated
solution of K2CO3 (2 x15mL) and with water (3x15mL). The organic layer dried over
MgSO4, the solvent was removed under reduced pressure and the resulting solid dried in
vacuuo to give a white solid. (1.913g, 90% yield), 1H NMR (400MHz, RT, CDCl3): δ
(ppm) 1H NMR (400MHz, RT, CDCl3): δ (ppm) 8.54 (t, J = 4.8Hz, 2H); 8.21 (m, 2H);
7.13 (d, J = 4.3Hz, 2H); 6.25 (dd J = 1H, vinyl-1H); 6.03 (q, J = 10.3 1H, vinyl-1H); 5.61
(dd J = 1H, vinyl-1H); 3.31 (q, J = 6.5Hz, 2H); 2.68 (t, J = 7.8Hz, 2H); 2.44 (s, 3H); 1.66
(m, 2H); 1.52 (m, 2H); 1.25-1.30 (m, 14H).
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6.2.2 Synthesis of Phenothiazine Functionalized Bipyridine Ligand with C 4 Alkyl
Linker

Scheme 6.2 Synthesis steps for phenothiazine containing bipyridine ligand [Z]
Reagents and conditions for the reactions:
(i) 1,3-Dibromopropane, LDA THF, 0°C, 68% (ii) phenothiazine (PTZ), LDA or Sodium hydride
(NaH, 60% dispersion in mineral oil), THF, 0°C, 81%.

Phenothiazine (PTZ) reagent was used in excess in the second reaction step ensures that
the majority or entire intermediate bromide terminated bipyridine compound is consumed
and separation will be only to remove unreacted excess phenothiazine by column
chromatography. The use to NaH in the second reaction step to substitute bromide with
PTZ was also found to yield more product than the use of LDA.
The Rf values for both precursor [Y] and final product [Z] are almost identical and
therefore making them difficult to separate by column chromatography; if the resulting
final oil product is determined by NMR to be contaminated with unreacted bipyridine
bromide [Y] the best method of separation is by dissolving in minimum of hot methanol
or ethanol then placed in the freezer for 1hrs then decant the liquid while cold to obtain
the resultant solid, doing this procedure repeatedly will increase the purity of [Z]7,8. The
1

H NMR of these two compounds is shown by figure 6.2.
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Figure 6.2 1H NMR (in CDCl3, 400MHz) of precursor bpyC4Br and ligand bpyC4PTZ in
CDCl3
The -CH2Br and -CH2PTZ abbreviations stands for the methylene protons next to the
bromo, and phenothiazine moieties respectively. The; -CH3 symbol is the methyl in the
bipyridine, also in the aromatic region of bpyC4PTZ 1H NMR spectrum, extra hydrogen
resonances from the attached phenothiazine moiety is seen.
Precursor and Ligand Synthesis
Precursor mbpyC4Br [Y]: 4-(4-bromobutyl)-4'-methyl-2, 2’-bipyridine
The same procedure was used as in the synthesis of mbpyC11Br except in this case 1,3dibromopropane (7mL, 68mmol, 5.0 equiv.) was used instead of 1,10-dibromodecane.
The starting reagent 4’-dimethylbipyridine (2.5g, 13.57mmol) was dissolved in
anhydrous tetrahydrofuran (THF) (70mL) and freshly titrated Lithium di-isopropylamide
(LDA) used was (21mL, 15mmol), the product obtained was an oily liquid (2.79g, 67%)
1

H NMR (400MHz, RT, CDCl3): δ (ppm) 8.45 (d, J = 4.9 Hz, 1H); 8.42 (d, J = 4.9 Hz,
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1H); 8.13 (s 2H); 7.00 (d, J = 4.3 Hz, 2H); 3.29 (t, J = 6.5 Hz, 2H); 2.59 (t, J = 7.0 Hz,
2H); 2.30 (s 3H –CH3); 1.70-1.80 (m, 4H).
Ligand mbpyC4PTZ [Z]): 10-(4-(4'-methyl-[2,2'-bipyridin]-4-yl)butyl)-10Hphenothiazine
The method used are the modification of methods by Kelley et al 7,8 and Meyer et al.
synthetic procedures9,10.
Excess phenothiazine (PTZ) (2.0 g, 10mmol) (recrystallized in benzene) was placed in
dry, argon purged THF (45mL) and put in a 100 mL flame dried round bottom flask and
kept under nitrogen and the temperature reduced to -78°C using dry ice/acetone. Sodium
hydride (NaH) (0.4 g, 60% dispersion in oil) was added and stirred for 2 hrs to have a
gold colored solution. The intermediate precursor mbpyC4Br (1.3g, 4.3mmol) was
dissolved in THF ~10mL then added dropwise and the solution warmed to room
temperature and stirred for 2hrs after which heat was applied and refluxed for 12hrs. The
reaction was quenched by addition of distilled water 50mL and the solution extracted
with DEE (2 x 30 mL) followed by DCM (2 x 30 mL). The combined organic solutions
were dried with anhydrous Na2CO3 and the solvent evaporated to yield gold colored oil.
The crude product was chromatographed using silica gel, eluting with DCM to remove
the excess phenothiazine (PTZ) followed by gradient of (DCM/DEE 100:0 
00:100).The product obtained was an oily liquid (1.46g, 81%) 1H NMR (400MHz, RT,
CDCl3): δ (ppm) 8.53 (d, J = 4.9 Hz, 1H); 8.50 (d, J = 4.9 Hz, 1H); 8.19 (d, J = 7.7 Hz,
2H); 7.10-7.14 (m, 5H,); 7.05 (d, J = 4. Hz, 1H); 6.90 (t, J = 7.4 Hz, 2H, -PTZ); 6.81 (d, J
= 8.0 Hz, 2H, -PTZ); 3.88 (s, 2H); 2.70 (s, 2H); 2.43 (s 3H –CH3); 1.85-1.80 (m, 4H).
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6.3 Conclusions
The synthesis of acrylamide bipyridine ligands with C 11 linker involves synthetic steps
with very high product yields of 74%, 90%, and 93% for the precursor compounds
mbpyC11Br , mbpyC11Ph, and mbpyC11NH2 respectively and 90% for the final
acrylamide bipyridine ligand mbpyC11NH-Acrylamide. The high yield of the acrylamide
bipyridine ligand is advantageous in that enough material will be available for carrying
out subsequent chemical reactions.
The synthesis of phenothiazine functionalized bipyridine ligand with C 4 alkyl linker is
also included and the use of NaH (60% dispersion in mineral oil) was found to yield more
product than the use of LDA in the second reaction step; it is also advisable to use excess
phenothiazine (PTZ) to ensures that nearly all mbpyC 4Br, intermediate precursor is
reacted/consumed.
The structures of precursors and ligands were characterized and confirmed by 1H NMR
and used in the next reaction steps without further characterization. The reaction with cisdi-chloro-bis(dipyridyl) ruthenium II of the general formula cis-[Ru(L)2Cl2] where L is
dipyridyl ligand is discussed in next chapter 7.
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Chapter 7.0 Ruthenium (II) Complexes Synthesis and Characterization
3.1 Overview
Three ruthenium complex precursors of the general type cis-[Ru(L)2Cl2] where L is either
2,2'-bipyridine (bpy), or 1,10-phenanthroline (PHEN) or 2,2′-biquinoline (BQ) ligand
were synthesized from published literature method with some slight modifications and
they were reacted with already synthesized acrylamide bipyridine ligand mbpyC11NHAcrylamide from chapter 6 to have corresponding ruthenium monomers of the general
type [Ru(L)2(mbpyC11NH-Acrylamide)]2PF6.
The three complexes/monomers were synthesized because they have different
coordination environment and hence different photophysical properties and when two or
more ruthenium chromophores are tethered together in a polymer chain an energy
transfer gradient can be created which can be useful in artificial light harvesting purposes.
7.2 Experimental Section
The reagents: 2,2′-dipyridyl, 2,2′-biquinoline, and lithium chloride, were obtained from
Sigma Aldrich; ruthenium (III) chloride hydrate was obtained from Pressure Chemical
Company. The reagents ammonium hexafluorophosphate, 1,10-phenanthroline was
obtained from Alfa Aesar. All other organic solvents (DMF, methanol, ethanol) used
were obtained from Pharmco-AAPER.
The reactions were carried out in inert atmosphere of argon or nitrogen and the 1H NMR
(figure 7.1) and ESI Mass spectra together with their isotopic distribution (figure 7.3)
have been used for characterization. The ESI-MS signal intensity (figure 7.2) was very
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strong (x104) because the ruthenium complexes with PF6 counter anion have excellent
solubility in acetonitrile the carrier solvent used to have +2 charges on positive ion mode.
The ruthenium complexes characterization/properties by UV-Vis, emission, quantum
yield, cyclic voltammetry, differential pulse voltammetry and transient absorptions will
be discussed later in the chapter 8
7.2.1 Ruthenium (II) Complexes/Monomers Synthesis and Characterization

Reagents and conditions for reactions:
(a) Excess LiCl, reflux, 8hr, under argon, DMF (b) methanol or ethanol: water (2:1) , NH4PF6,
60°C, 24hrs, under argon

Scheme 7.1 Synthesis of Ru(II) polypyridyl complexes/monomers
Sometimes it can be a challenging task to synthesis metal complexes precursors of the
general type cis-[Ru(L)2Cl2] where L is either 2,2'-bipyridine (bpy), or 1,10phenanthroline (PHEN) or 2,2′-biquinoline (BQ) ligand. The three cis-Ru(II) complexes
precursors were all synthesized following a literature procedure developed by Meyer in 1
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in 1978 with some modifications and slight variations for each cis-Ru(II)complex; the
volume of DMF solvent used in all the reactions was greatly reduced.
Precipitating cis-[Ru(bpy)2Cl2] with water rather than acetone before putting it in the
freezer was found to give pure and high yield product. In the case of cis-[Ru(BQ)2Cl2]
sodium ascorbate reducing agent was added in addition to LiCl and the reaction time
reduced to 1hr instead of the usual 8 hrs. The workup process involved filtering off the
precipitate that formed and washing it with water and DEE to remove LiCl and sodium
ascorbate and any tris-Ru(II) complex that formed as filtrate. The solid residue (the
precipitate) was finally dried in vacuum to obtain the final product which was
characterized by 1H NMR using DMSO-d6 as solvent and cyclic voltammetry. The final
product was used in subsequent reactions without further purification.
The complexes/monomers synthesized have a C11 alkyl linker and are prepared by
reacting the synthesized acrylamide functionalized 2,2’-bipyridine ligand [XII] (chapter
6) with cis-[Ru(L)2Cl2].2H2O to have the desired monomers, where L = 2,2'-bipyridine,
1,10-phenanthroline or biquinoline. The detailed reaction sequence is shown in scheme
7.1.
When adding mbpyC11NH-Acrylamide as the third ligand to the cis-[Ru(L)2Cl2].2H2O; a
slight excess of of cis-complex was used so as to make it easier to separate in the workup
process. After the reaction, the EtOH/H2O solvent was removed under vacuo and
deionized water was added to dissolve the crude product which was then filtered to
remove solid impurities mainly of the unreacted cis-[Ru(L)2Cl2] used in excess. The
filtrate was treated with a concentrated solution of NH4PF6 to form a precipitate which
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was filtered and washed first with deionized water to remove excess NH4PF6 and then by
diethyl ether. The solid was dried under vacuum to afford the final product.
Initially, the reaction of amine functionalized complex [Ru(BPY)2(mbpyC11-NH2)]2PF6
with acryloyl chloride was attempted so as to have complex/monomer RuBPY_Monomer
[Ru(BPY)2(mbpyC11-NH-Amide)]2PF6 but were unsuccessful. The next successful step
was then to react acryloyl chloride first with the amine functionalized ligand
mbpyC11NH2 to have acrylamide functionalized ligand [XII] (refer chapter 6) before
reacting it with the cis ruthenium complexes of the general type cis-[Ru(L)2Cl2] to have
the desired complex/monomers.
The cis complexes of the general type cis-[Ru(L)2].2H2O] and the synthesized metal
complexes/monomers were characterized by both 1H NMR, and ESI-MS. The
photophysical properties including UV-Vis, emission, quantum yield and cyclic
voltammetry (CV) are in chapter 8
7.2.2 Synthesis of cis-[Ru(L)2Cl2] Complexes precursor
The synthesis of cis-Ru(L)2Cl2 complexes was accomplished following a reported
procedure by Meyer1 with some modifications and slight variations for each cis-complex.
cis-[Ru(bpy)2Cl2]2H2O [12]
RuCl3.3H2O (3.0g, 11.5 mmol); 2,2'-bipyridine (3.6g, 23.0mmol) and LiCl (0.51g
12.0mmol) mixture was dissolved in 12mL DMF and heated at reflux while stirring for 8
hrs under the protection of argon gas. The mixture was cooled to RT, and 80mL of water
was added and kept in the freezer overnight. The precipitate that formed was filtered off
and rinsed with water until the filtrate is no longer pale purple followed by second rinsing
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with diethyl ether (DEE). The precipitate was finally dried in vacuum to obtain a dark red
solid (4.4g, Yield, 79%)
cis-[Ru(PHEN)2Cl2] 2H2O [13]
RuCl3.3H2O (0.5g, 1.91 mmol); 1,10-phenanthroline (0.69g, 3.82mmol) and LiCl (0.57g
13.37mmol) mixture was dissolved in 8mL of DMF and heated at reflux while stirring for
8 hrs under the protection of argon gas. The reddish brown solution slowly turned purple.
The mixture was cooled to RT and 20mL of acetone was added and put in the freezer
overnight. The black precipitate that formed was filtered off and washed with water and
DEE. The precipitate was finally dried in vacuum to obtain a dark brown solid as the
final product (0.55g, Yield, 50%)
cis-[Ru(BQ)2Cl2] 2H2O [14]
This compound was synthesized according to a published procedure 2 RuCl3.3H2O (0.5g,
1.91 mmol); 2,2′-biquinoline (0.98g, 3.82mmol), LiCl (0.5g 11.8mmol) and sodium
ascorbate (0.4g 2.0mmol) mixture was dissolved in 5mL of DMF and heated at reflux
while stirring for 1hrs under the protection of argon gas. The mixture was cooled to room
temperature and 20mL of acetone was added and put in the freezer overnight. The
solution was filtered off and the precipitate that obtained was washed with cold water
(5mL), ethanol (5mL) and twice with DEE (5mL x 2). The precipitate was finally dried in
vacuum to obtain a dark green solid as the final product (1.11g, Yield, 80%)
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7.2.3 Synthesis of [Ru(L)2(mbpyC11-Acrylamide)]2PF6 Complexes/Monomer
RuBPY_Monomer [15]3 [Ru(bpy)2(mbpyC11NH-Acrylamide)]2PF6
A mixture of hydrated cis-dichlorobis(2,2’bipyridine) ruthenium cis-[Ru(bpy)2Cl2].2H2O
[12] (1.25g, 2.41mmol), and mbpyC11NH-Acrylamide (0.95g, 2.40mmol) in 70mL of
EtOH/H2O 4:1 were refluxed under nitrogen for 24 hrs. After cooling to room
temperature, the solvent was removed under vacuo. 50mL of deionized H2O was added
while stirring and then filtered to remove solid impurities. The filtrate was treated with a
concentrated solution of NH4PF6 to form a precipitate which was filtered and washed first
with deionized water to remove excess NH4PF6 and then by diethyl ether. The solid was
dried under vacuum to afford the final product. (1.87g, Yield 71%) 1H NMR (400MHz,
RT, CD3CN): δ (ppm) 8.47 (d, J = 8.2Hz, 4H); 8.38 (s, 1H); 8.33 (s, 1H); 8.02-8.06 (m,
4H); 7.71-7.72 (m, 4H); 7.52 (t, J = 5.4Hz, 2H); 7.37 (q, J = 6.7Hz, 4H); 7.21 (d, J =
5.6Hz, 2H); 6.51 (s, 1H, -NH); 6.08-6.18 (m, 2H, vinyl-1H); 5.54-5.57 (m, 1H, vinyl1H); 3.16 (q, J = 6.4Hz, 2H); 2.78 (t, J = 7.7Hz, 2H); 2.53 (s, 3H); 1.68 (m, 2H); 1.44 (m,
2H); 1.26-1.32 (m, 14H) ESI MS: m/z calculated for [15] [C45H51F12N7OP2Ru-2PF6] 2+:
403.6600, found: 403.6875 (68 ppm differences), acetonitrile was used as the carrier
solvent
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RuPHEN_Monomer) [16]: [Ru(PHEN)2(mbpyC11-NH-Acrylamide)]2PF6
The procedure used is the same as above for preparing RuBPY_Monomer: cis[Ru(PHEN)2Cl2].2H2O (71mg, 0.13mmol), and mbpyC11NH-Acrylamide (41g,
0.10mmol) in 10mL of EtOH/H2O 4:1 was refluxed under nitrogen for 24 hrs (75mg,
Yield 94%) 1H NMR (400MHz, RT, CD2Cl2): δ (ppm) 8.57 (d, J = 8.0Hz, 2H); 8.45 (d, J
= 8.2Hz, 2H); 8.14-8.24 (m, 8H); 7.84-7.89 (m, 4H); 7.60-7.65 (m, 2H); 7.45-7.49 (m,
2H); 7.14 (d, J = 5.6Hz, 2H); 6.05-6.19 (m, 2H, vinyl-1H); 5.56-5.66 (m, 2H, vinyl-1H &
-NH); 3.23 (q, J = 6.7Hz, 2H); 2.78-2.81 (m, 2H); 2.56 (s, 3H); 1.67 (m, 2H); 1.49 (m,
2H); 1.25-1.32 (m, 14H) ESI MS: m/z calculated for [16] [C49H51F12N7OP2Ru-2PF6] 2+:
427.6600, found: 427.6434 (39 ppm difference in the positive ion mode); acetonitrile was
used as the carrier solvent
RuBQ_Monomer [17]: [Ru(BQ)2(mbpyC11-NH-Acrylamide)]2PF6
The procedure used is the same as above for preparing RuBPY_Monomer: cis[Ru(BQ)2Cl2].2H2O [14] (97mg, 0.13mmol), and mbpyC11NH-Acrylamide (44g,
0.11mmol) in 10mL of EtOH/H2O 4:1 was refluxed under nitrogen for 24 hrs (75mg,
Yield 53%) 1H NMR (400MHz, RT, CD3CN): δ (ppm) 8.99 (d, J = 8.8Hz, 2H); 8.92 (d, J
= 8.8Hz, 2H); 8.80 (d, J = 8.8Hz, 2H); 8.49 (t, J = 7.8Hz, 2H); 8.11 (d, J = 8.1Hz, 2H);
7.85-7.88 (m, 2H); 7.67-7.71 (m, 2H); 7.47-7.52 (m, 3H); 7.36-7.42 (m, 3H); 7.29-7.32
(m, 2H); 7.25 (d, J = 5.9Hz, 2H); 7.04-7.10 (m, 4H); 6.89-6.96 (m, 2H); 6.53 (s, 1H, NH); 6.09-6.15 (m, 2H, vinyl-1H); 5.55-5.58 (m, 1H, vinyl-1H); 3.17 (q, J = 6.3Hz, 2H);
2.53 (t, J = 7.2Hz, 2H); 2.27 (s, 3H); 1.39-1.48 (m, 4H); 1.18-1.26 (m, 14H) ESI MS: m/z
calculated for [17] [C61H59F12N7OP2Ru-2PF6] 2+: 503.6915, found: 503.6875 (7.9 ppm
difference in the positive ion mode); acetonitrile was used as the carrier solvent.
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[Ru(BPY)2(mbpyC11-NH2)]2PF6 [18]
The procedure used is the same as above for preparing RuBPY_Monomer: cis[Ru(BPY)2Cl2].2H2O (0.27g, 0.56mmol), and mbpyC11NH2 (0.13g, 0.37mmol) in 20mL
of EtOH/H2O 4:1 was refluxed under argon for 24 hrs (0.38g, Yield 97%) 1H NMR
(400MHz, RT, CD3CN): δ (ppm) 8.48 (d, J = 8.1Hz, 4H); 8.38 (s, 1H); 8.33 (s, 1H); 8.04
(t, J = 7.4Hz, 4H); 7.72 (m, 4H); 7.53 (t, J = 4.6Hz, 2H); 7.38 (q, J = 6.5Hz, 4H); 7.22 (d,
J = 4.4Hz, 2H); 2.90 (q, J = 7.6Hz, 2H); 2.78 (t, J = 7.5Hz, 2H); 2.53 (s, 3H); 1.68 (m,
2H); 1.44 (m, 2H); 1.29-1.33 (m, 14H) ESI MS: m/z calculated for [18]
[C42H49 F12N7P2Ru-2PF6] 2+: 376.6546, found: 376.6715 (45 ppm difference in the
positive ion mode); acetonitrile was used as the carrier solvent
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Figure 7.1 1H NMR spectra for RuBPY_Monomer (top) and RuBQ_Monomer (bottom)
complexes in CD3CN and RuPHEN_Monomer (middle) in CD2Cl2. The spectra shows
olefin resonances in the δ 5.5-6.5 ppm region for each monomer.
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Figure 7.2 ESI MS: m/z calculated for RuBQ_Monomer [C45H51 F12N7OP2Ru-2PF6] 2+:
403.6600, found: 403.6875 (68 ppm differences), for RuPHEN_Monomer
[C49H51 F12N7OP2Ru-2PF6] 2+: 427.6600, found: 427.6434 (39 ppm), for RuBQ_Monomer
[C61H59 F12N7OP2Ru-2PF6] 2+: 503.6915, found: 503.6875 (7.9 ppm) and for
[Ru(BPY)2(mbpyC11-NH2)]2PF6 [C42H49F12N7P2Ru-2PF6] 2+: 376.6546, found: 376.6715
(45 ppm difference all in the positive ion mode); acetonitrile was used as the carrier
solvent.
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Figure 7.3 ESI MS: m/z of ruthenium complexes/monomers RuBPY_Monomer,
RuPHEN_Monomer and RuBQ_Monomer showing actual isotopic distribution (top) and
calculated isotopic distribution (bottom).
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7.2.4 Synthesis of [Ru(L)2(mbpyC4-PTZ)]2PF6 Complexes
[Ru(BQ)2(mbpyC4PTZ)]2PF6 [19]
The procedure used is the same as above for preparing RuBPY_Monomer: cis[Ru(BQ)2Cl2].2H2O (37g, 0.051mmol) and mbpyC4PTZ (18.3mg, 0.043mmol), in 10mL
of EtOH/H2O 4:1 was refluxed under argon for 24 hrs (37mg, Yield 65%)1H NMR
(400MHz, RT, CD3CN): δ (ppm) 8.91-8.99 (m, 4H); 8.72-8.81 (m, 2H); 8.38-8.48 (m,
3H); 8.10 (d, J = 8.0Hz, 2H); 7.75-7.81 (m, 2H); 7.66 (t, J = 6.8Hz, 2H); 7.50 (t, J =
7.4Hz, 2H); 7.37 (t, J = 7.2Hz, 2H); 6.81-7.31 (m, 19H); 3.82 (t, J = 6.1Hz, 2H); 2.64 (t,
J = 7.2Hz, 2H); 2.27 (s 3H –CH3); 1.51-1.61 (m, 4H) ESI MS: m/z calculated for [19]
[C63H49 F12N7P2RuS-2PF6] 2+: 518.6409, found: 518.6526 (23 ppm difference in the
positive ion mode); acetonitrile was used as the carrier solvent
7.3 Conclusion
Ruthenium (II) metal complexes/monomers were obtained by reacting the already
synthesized acrylamide bipyridine ligand with C 11 linker (from chapter 6) with the
synthesized cis chloro bis-(dipyridyl) ruthenium (II) complexes precursors of the general
type cis-[Ru(L)2Cl2] where L is either bpy, PHEN and BQ ligands.
Characterization was done using both 1H NMR and ESI-MS for the synthesized
ruthenium (II) metal complexes/monomers.
The photophysical properties, their RAFT polymerization and photoinduced electron
transfer reactions using 10-methylphenothiazine quencher is presented in next chapter 8
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Chapter 8.0 Ruthenium Polypyridyl Oligomers for Panchromatic Solar Light
Harvesting
8.1 Introduction

In chapter 5, it was demonstrated how light harvesting could be realized using polymers
by taking advantage of intramolecular and intermolecular energy migration. This chapter
is an effort to realize that by using Ru(II) polypyridyl monomers synthesized in chapter
7. The desired block copolymer for light harvesting is shown by figure 8.1

Figure 8.1 Illustration of light harvesting with block copolymer
In figure 8.1, the symbol (D) and (A) represent Ru(II) bipyridine and Ru(II) biquinoline
monomers/ complexes serving as energy-donating (D) and energy-accepting (A)
respectively. The arrows between the same chromophores represent intrapolymer exciton
migration and the arrow from (D) to (A) represent electronic energy transfer. The
complexes have different coordination environments, fulfilling the condition necessary
for energy transfer. The excited state energy of D is higher than that of A {E(*D) >
E(*A)}, as depicted by the energy state diagram.
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In 19881, our group synthesized covalently linked Ru(II) complex dimer having
bipyridine chromophore at one end and biquinoline at the other; this project is a
continuation of that effort to link the same chromophores in a polymer/oligomer. The
ultimate goal of this research project was to synthesize ruthenium polydipyridyl block
copolymers as shown by figure 8.1 for light harvesting purposes. In this chapter, the
synthesis, characterization and photophysical studies of acrylamide containing ruthenium
bipyridyl oligomers and monomers/complexes is presented.
The monomers synthesized in chapter 7 have been used to synthesize oligomers by two
controlled radical polymerization (CRP) methods, atom transfer radical polymerization
(ATRP) and reversible addition-fragmentation chain transfer (RAFT) polymerization.
They are often referred to as ‘living polymerization’ because they can be stopped and
restarted at any time; these two methods are widely used for the synthesis of copolymers
with multiple components2,3 and the later method has worked better for Ru(II) complex
systems to obtain short chain oligomers.
It is worth noting that the major goal is to develop a polymer in which each monomer in
the polymer chain contains a ruthenium metal chromophore and for that reason this
chapter discusses (co)polymerization of ruthenium containing monomers but not grafting
ruthenium complexes onto bipyridine-containing pre-polymers backbone because
grafting might not ensure that all bipyridine pockets are filled and that will interfere with
energy and electron transfer between chromophores. Photophysical and
(spectro)electrochemical behavior in room-temperature solutions has also been examined
on the synthesized compounds and the results are presented.
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Research on light harvesting polymers containing transition metal complex/oligomeric
chromophores is being vigorously investigated by other groups, including Schubert,
Fréchet, Meyer, Chan and Schanze. The Schubert group used an organic 2-(pyridine-2yl)-1,3-thiazole type monomer as a donor dye4; also Fréchet group used an organic
coumarin-2 type monomer as a donor dye5,6. The Meyer group established a molecular
assembly combining both light harvesting and electron transfer properties within a single
macromolecule7,8 while the Schanze group grafted ruthenium complexes onto a
prepolymer backbone by an azide-alkyne click reaction to afford the chromophore loaded
polymer9 and a recent collaboration between Schanze and Meyer groups had an amide
coupling reaction between Ru(II) complexes derivatized with aminomethyl groups and a
polymer backbone with 4-vinylbenzoic acid10. These groups and others11,12 make efforts
toward making light harvesting polymers of transition metal complex chromophores.
Figure 8.2 shows some of these ruthenium polypyridyl polymers from literature.
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2011 Schubert polymer (RAFT)

2000 Meyer polymer

2013 Meyer and Schanze polymer (ATRP)
(para attachment in styrene backbone)

2012 Schanze polymer (RAFT)

2001 Fréchet polymer (AIBN)

2011 Chan polymer (RAFT)

Figure 8.2 Notable ruthenium polypyridyl polymers in literature
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The distinguishing feature in this approach is that, to the best of our knowledge, this is
the first time a bipyridine ligand has been functionalized as an acrylamide. The ligand
was then reacted with ruthenium complexes to have metal containing monomers that are
then used for polymerization. In addition, both the donor and acceptor chromophores are
inorganic ruthenium monomers with different coordinating environments.
For polymerization reactions; the Schubert group has noted that they could not initiate
RAFT due to high ruthenium metal loading and they had to carry out polymerization with
a lower metal loading 4and further, the Chan group has also noted that they attempted
ATRP with monomers containing rhenium by with no success. They had to set specific
conditions for RAFT to work which was applied to our system13. In our system, the new
ruthenium-metal based donor-acceptor photosensitizers featuring RuBPY_Monomer
(containing bipyridine) as an energy-donating and RuBQ_Monomer (containing
biquinoline) as energy-accepting chromophore are linked together as substituents in the
backbone of an oligomer. The above modification will enhance the oligomer ability to
collect a broad spectrum in the visible region through a cascade energy transfer and this
approach should offer potential uses as photosensitizers for light – harvesting antennae.
One potential application of the above material is the use as a panchromatic
photosensitizer in the dye-sensitized semiconductor-based photoelectrochemical solar
cell (DSC), the next-generation photovoltaic technology; they harvest light and transfer
electrons into a surrounding mesoporous TiO2 matrix14. At the moment, the bestperforming DSCs use ruthenium dyes with a notarized record solar-to-electricity
conversion efficiency of 11.115.

206

8.2 Controlled Radical Polymerization (CRP)
The research project goal was to utilize controlled radical polymerization (CRP) which
includes both ATRP and RAFT polymerization methods for the synthesis of Ru(II)
bipyridyl complex block copolymers which will then be studied for light induced energy
and electron transfer processes for light harvesting applications. These polymerization
methods involve multicomponent systems, and for a successful polymerization, one has
to consider many variables like monomers, initiators, catalyst, ligand, solvent,
temperature and sometimes additives for ATRP.
Table 8.1 Multicomponent nature and considerations for a control radical polymerization
of (meth)acrylamides
ATRP
- Monomer ( RuBPY & RuBQ_Monomers )

RAFT
- Monomer

- Catalyst ( Cu(I)Cl ) - a transition metal

- RAFT chain transfer agent: 4-

species

Cyano-4-

- Ligands ( Me6TREN ) or any suitable

(phenylcarbonothioylthio)pentanoic

- Initiator (2-chloropropionyl chloride (2-Cl-

acid

P-Cl)) with a transferable (pseudo)halogen

- Initiator: 2,2'-

- Solvent ( DMF/H20 ,1:1 v/v or 4:1 v/v )

Azobisisobutyronitrile (AIBN)

- Temperature - must also be taken into

- Solvent ( DMF )

consideration. ~120°C

- Temperature ( 60°C )

- Additives ( Cu(II)Cl ) – sometimes used
For RAFT, consideration must be given to monomers, initiators, RAFT chain transfer a,
solvent and temperature. To achieve our objective, the challenges were to synthesize the
acrylamide monomers and can react with cis-bis(N-N) dichloro-ruthenium (II) complexes
(N-N = ligand). The carbonyl adjacent to the polymerizable vinyl group serves as a
stabilizing group adjacent to carbon radical formed during polymerization and, to ensure
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that steric crowding was not a concern during polymerization; an eleven carbon alkyl
linker was used between the ruthenium dipyridyl chromophore and polymerizable
acrylamide subunit. The synthesis of complexes/monomers is discussed in chapter 7.
8.2.1 ATRP
Selecting the correct conditions for initiation of an ATRP reaction is the obvious first step
in any well controlled ATRP, below is a scheme showing the general mechanism of
ATRP

The organo-halide (Pn-X) and a transition metal -ligand complex (Mt n/L) are in equilibrium with a
radical Pn*. The radical initiator reacts with a monomer to produce a propagating polymeric
species

Scheme 8.1 General mechanism of metal complex-mediated ATRP showing a dynamic
equilibrium16
In the scheme 8.1, monomers will reversibly abstract a halogen atom in the end of
polymer chain and the equilibrium point lie mostly toward the left-hand side. This will
ensures that only a very low steady state concentration of chain radical is maintained to
minimize termination of polymer chain.
First, I attempted ATRP using an acrylamide ruthenium monomer RuBPY_Monomer
[15]. While the acrylamide linked complex will be stable to hydrolysis (-C-NH- strong
bond), literature reports suggest that (meth)acrylamide type monomers are not amenable
to ATRP17,18 but studies have been done to try to optimize them. A number of reasons
have been put forward to explain the limited conversion of (meth)acrylamides, and
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among these is catalyst deactivation; the poly(meth)arylamides may form a strong
complex with transition metal ions used in catalysis, rendering the catalyst inactive. The
other reason put forward is that they have low values of ATRP equilibrium constant and
may be enhanced by using more reducing and powerful catalyst and for that reason
copper (I) chloride complex and the tripodal ligand tris[2-(dimethylamino)ethyl]amine
(Me6TREN) was used as catalyst. Also, the terminal C-X bond in the polymer can be
easily displaced by nucleophilic amide group intra or inter-molecularly, and thus alkyl
chlorides rather than bromides should be used. The initiators that have been effectively
employed for ATRP of (meth)acrylamide in the literature are chloride based such as
methyl or ethyl 2-chloropropionate, 2-chloropropionamide and 2-chloropropionyl
chloride. Therefore ethyl-2-chloropropionate (ECP) and a Ru(II) complex attached to a 2chloropropionamide as initiators was used. The ruthenium initiator was synthesized from
2-chloropropionyl chloride. Maintaining ambient temperatures and using nitrogen (N 2)
purged mix of dimethylformamide (DMF) and water (polar solvents) should serve to
reduce the relative rates of SN2 reactions in comparison with the ATRP process. Another
consideration is that monomer with a C11 linker between the ruthenium-containing unit
and the acrylamide was used. Recent work has shown that, ATRP rates of metal based
monomers decrease with an increase of the linker length19.
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Scheme 8.2 ATRP of RuBPY_Monomer [15] using 2-Chloropropionamide (2-Cl-PA),
CuCl, and tris[2(dimethylamino)ethyl]amine (Me 6TREN) in 4:1 DMF/Water at 110°C
for 24-48 hrs
ATRP of (meth)acrylamides is performed with difficulty and in our case it resulted in
little reaction. The 1H NMR showed disappearance of some of acrylic resonances in the
crude reaction product. In addition, ESI-MS of the product show only 4+ ions (a dimer),
and gravity gel permeation chromatography (GPC) using Bio-Beads® S-X1 could not
provide effective separation as the suspected dimeric unit formed was in the same eluting
range with monomers.
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8.2.2 RAFT Polymerization
RAFT is arguably the most robust polymerization method. It is tolerant to a variety of
monomers and is not demanding in terms of experimental setup. The scheme 8.3 below
depicts the general mechanism of RAFT polymerization 2.

Scheme 8.3 General mechanism of RAFT polymerization2,20.
The RAFT polymerization utilizes free radical initiators, monomers and chain transfer
agent. The chain transfer agents commonly used are the thiocarbonylthio compounds

with the general structure shown as

also represented as S=C(Z)-SR. Therefore

in scheme 8.3, the symbol (X) represent sulfur (S) atom. The (Z) and (R) are both alkyl
groups. The (Z) group serves to activate or deactivate the reactivity of the C=S bond
towards addition. The (R) group stabilizes free radical formed and reinitiates
polymerization. The symbols (M) and (P) represent monomer and polymer respectively
while lower case letters (m) and (n) are integers representing polymer length. The
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mechanism of RAFT polymerization involves a reversible addition-fragmentation
sequence in which transfer of the S=C(Z)-SR moiety between active and dormant chains
serves to maintain the living character of polymerization. After RAFT polymerization,
most polymer chains will have the thiocarbonylthio and (R) groups as terminal groups.
RAFT polymerization of ruthenium containing acrylamide monomers [15 & 17] using
2,2'-azobisisobutyronitrile (AIBN) as initiator, and 4-cyano-4-(phenylcarbonothioylthio)
pentanoic acid as the RAFT chain transfer agent was explored. DMF was used as the
solvent and reaction temperatures were maintained at around 60°C for a period of 48-72
hours in an inert environment to obtain oligomers. The stated temperature is used to
ensure continuous generation of radicals during the course of reaction based on the halflife of AIBN, as higher temperature tends to shorten the half-life of this initiator (for
example, t½ = 7.2minutes for AIBN at 100°C)21. The RAFT chain transfer agent is the
key to RAFT polymerization processes, and it is responsible for controlling the growth
rate. The chosen RAFT chain transfer agent is compatible with the acrylamide monomers
used and has very high chain transfer constant; where one of the ways of estimating
transfer coefficient is to determine the rates of consumption of the RAFT chain transfer
agent and monomer. The acid functional group may aid in anchoring of the polymer onto
surfaces like TiO2 and lastly the RAFT chain transfer agent in a polymer backbone may
have a unique 1H NMR resonance to aid in characterization.
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The integer numbers (n) and (m) are number of monomers attached

Scheme 8.4 RAFT Polymerization of RuBPY_Monomer [15] or [15] and
RuBQ_Monomer [17] using 4-cyano-4-(phenylcarbonothioylthio) pentanoic acid as
RAFT chain transfer agent.
Monomer [15] was polymerized separately for 48hrs to obtain homo-oligomer with
yields of around 57% and later equal concentration of the monomers [15] and [17] were
polymerized for 72hrs to obtain random-oligomer with yields of around 62%. The yields
obtained are based on 1H NMR and the unreacted monomers were separated by gravity
GPC using Bio-Beads® S-X1.
Recent studies22, have shown that metal containing monomers are less reactive to RAFT
polymerization than their analogues free of metals and the reasons for their low degrees
of polymerization are not entirely clear. There is also no example in the literature for
RAFT polymerization of metal containing (meth)acrylamides. The reaction conditions
adopted for (meth)acrylates were applied.


General RAFT polymerization procedure:

The controlled radical polymerization of monomers [15] and [17] was achieved using 2,
2’-azobis(isobutyronitrile) (AIBN) as the initiator and 4-cyano-4(phenylcarbonothioylthio) pentanoic acid as the RAFT chain transfer agent using N,N-
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dimethylformamide (DMF, 1mL) as the solvent in a 5mL microwave vial. The vial was
sealed, and the solution was degassed by bubbling with nitrogen for 45 minutes under
nitrogen. Subsequently the reaction mixture was immersed into a preheated oil bath and
stirred at 60oC for 48-72 hrs. The crude product was precipitated in cold diethyl ether
(DEE) and purified by preparative SEC (Bio-Beads® S-X1, CH2Cl2 as eluent) to remove
unreacted monomer to yield the desired oligomers. The rate of conversion was in the
range of ~60%. The results are summarized in Table 8.2 and 8.3.
Table 8.2 Summary of conditions and results of synthesized oligomers [P1] and [P2] by
RAFT polymerization
Oligomer

P1
P2
a

[Monomer]0:
[RAFT-CTAgent]0:[AIBN]0
(10 ): (1.0) :(0.3)

Solvent

DMF

Temp
.
(°C)
60

{10(1:1)} :(1.0) :
(0.3)

DMF

60

Time Conversiona
(hrs)
48

~ 57%

Mn,
calculated
(Da)b
~ 6 500

72

~ 62%

~ 7 400

Estimated from 1H NMR of crude product. The concentration feed mole ratio of monomer, RAFT CT

agent and AIBN used are represented as: [Monomer]0:[RAFT-CT-agent]0:[AIBN]0 AIBN used was slightly
higher .bMn are estimated by 1H NMR theoretical molecular weight calculations using feed ratio of
monomers to initiator and percentage conversion. Separation was done using GPC (Bio-Beads® S-X1) and
dichloromethane as the eluting solvent. The calculations are shown in section 8.2.3

Table 8.3 Calculated percentages of chromophores in oligomers
Oligomer

c

RuBPY_Monomer
[mol %]c

RuBQ_Monomer
[mol %]c

P1 RuBPY_Oligomer

~96

-

P2 RuBPY_RuBQ_Rand_Oligomer

~71

~25

Estimated from 1H NMR based on the number on monomers
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8.2.3 Characterization of Oligomer [P1] and [P2]
The oligomers were characterized using 1H NMR, UV-Vis, and differential pulse
voltammetry (DPV). The figures 8.3 and 8.4 are the 1H NMR spectra for oligomer [P1]
and [P2] respectively after GPC separation to remove unreacted monomers. They are
followed by calculations showing how percentage polymerization, theoretical molecular
weight, and ratio of monomers in oligomer [P2] were obtained. The results are
summarized in Table 8.2 and 8.3
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Figure 8.3 1H NMR spectra (in CD3CN, 400MHz) for monomer [15] (top) showing
olefin resonances in the δ 5.5-6.5 ppm region and oligomer [P1] (bottom)

On the basis of 1H NMR spectra of oligomer [P1] shown in figure 8.3, successful RAFT
polymerization is supported by the data. They show disappearance of the acrylic vinyl
resonances. The olefin’s peaks at 5.5-6.5 ppm region for the monomer [15] are not
present after GPC separation.
The case of AIBN thermal polymerization can be ruled out since resonance as a result of
the RAFT chain transfer agent attachment to the oligomer is evident by 1H NMR. The
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proton as a result of the RAFT chain transfer agent initiator attachment to oligomer is
evident from the signal at 4.0 ppm, and has been zoomed in for more clarity in figure 8.3
(bottom). This has been used for end group analysis to estimate the true M n value of
oligomer and an average of 4.5 monomers was found (calculations ahead).
The theoretical calculations using the feed ratio of monomer to initiators found 5.7
monomers Calculations showing how percentage polymerization and theoretical
molecular weight were obtained are outlined below23.


Calculating percentage polymerization:

Comparing monomer [15] vinyl protons 1H NMR integration before and after RAFT
polymerization (The crude oligomer [P1] before GPC separation)
At around 6.11 ppm (0.882/2.042)*100% =43% => 57% polymerized
At around 5.54 ppm (0.460/1.071)*100% =43% => 57% polymerized
The above integrations were normalized against methyl at around 2.53ppm.
Average of the 5.54 - 6.11 ppm vinyl region (57 + 57)/2 = 57% polymerization
Approximate 57% of the monomers reacted. This means at least 5 monomers (average)
were attached to the oligomer (calculations ahead).


Calculating theoretical molecular weight:

Theoretical molecular weights were calculated using the expression M n(calc) =
([monomer]/[RAFT CTA agent]) x fractional conversion x MWt of monomer + Mwt of
RAFT CT agent11.
This expression assumes complete consumption of RAFT chain transfer agent and does
not include the small number of chains formed from the initiator, or chain transfer to
solvent, disproportionation, radical coupling etc.
([10]/ [1])*57% x 1096.93g/mol + 279.38g/mol = 6,524g/mol, Approx. 6,500g/mol
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From the NMR spectra in figure 8.3 (the bottom), using the signal at 4.00 ppm as the
NMR handle as a result of end group RAFT chain transfer agent attachment to the
oligomer, and calibrating it to one proton, an average of 4.5 monomers in the oligomer
chain was found, which is slightly lower than 5.7 predicted from the theoretical
calculations.
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Figure 8.4 1H NMR spectra (in CD3CN, 400MHz) for oligomer [P2] after GPC
separation to remove unreacted monomers

On the basis of 1H NMR spectra of oligomer [P2] shown in figure 8.4, successful RAFT
polymerization is supported by the data. They show disappearance of the acrylic vinyl
resonances. The olefin’s peaks at 5.5-6.5 ppm region for the monomers [15] and [17] are
not present after GPC separation.
There is loss of end group of the RAFT chain transfer agent; therefore there are no
selective peaks for both the RAFT initiator and oligomer to obtain the true Mn value
through the 1H NMR technique.
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The feed ratio of monomers to initiator together with percentage polymerization was used
to estimate Mn value. The theoretical calculations using the feed ratio of monomer to
initiators found 6.2 monomers (calculations ahead).
The composition ratio of monomers in (co)oligomer [P2] can be obtained from 1H NMR
spectra because selective peaks can be observed for the Ru(II) bipyridine and biquinoline
(8.82-8.99ppm – only biquinoline) resonances in the aromatic region. The ratio of
monomer [15] to monomer [17] was found to be (4.8):(1.4).
Calculations showing how percentage polymerization, ratio of monomers in oligomer
[P2], and theoretical molecular weight were obtained are outlined below.


Calculating percentage polymerization:

Comparing monomer [15] and [17] vinyl protons 1H NMR integration before and after
RAFT polymerization (crude oligomer [P2] before GPC separation)
At around 5.54 ppm {0.812/ (1.071+1.079)}*100% =38% => 62% polymerized
The above integration was normalized against methyl at around 2.53ppm.
Approximately 62% of the monomers reacted. This means at least 6 monomers (average)
were attached to the oligomer (calculations ahead).


Calculating the composition ratio of monomer [15] to monomer [17] in the
oligomer:

The composition ratio of monomers in (co)oligomer [P2] can be obtained from 1H NMR
spectra. The aromatic spectra of oligomer [P2] shown in figure 8.4 contain peaks which
can be exclusively selected to belong to either monomers [15] for the bipyridine and
monomer [17] for the biquinoline; that is resonances between 8.03 – 8.99 ppm, and from
this the ratio of the constituent monomers in the oligomer can be calculated.
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At around 8.82 - 8.99 ppm the resonances are exclusively from the monomer [17], and
integration area calibrated to have at least one monomer [17]. Also at around 8.33-8.37
ppm the resonances are exclusively from monomer [15]. The calculated number of
monomers [15] is 6.74/2 = 3.37. The ratio of Ru(II) bipyridine to Ru(II) biquinoline
chromophores in the random (co)oligomer [P2] is approximately 1:0.30 compared to
1:0.35 from DPV (fig. 8.11) and 1: 0.33 from UV-Vis spectral matching (fig. 8.7).
Polymerization was carried out in the molar ratio of 1:1 for monomer [15] and monomer
[17] but from the NMR spectra, it indicates that there is preference of monomer [15] to
polymerize over the monomer [17] and the reason is not entirely clear. Sterics may play a
role, even though there is a C11 spacer.


Calculating theoretical molecular weight:

The overall percentage polymerization for the 1:1 mixture of monomer [15] and
monomer [17] is 62% polymerization. From the analysis of the NMR aromatic region,
the ratio of monomer [15] to monomer [17] is 1: 0.30. This means (62%*1/1.30) = 48%
of monomer [15] polymerized and (62%*0.30/1.30) = 14% of monomer [17]
polymerized and from this information theoretical Mn can be calculated for the oligomer.
Theoretical molecular weights were calculated using the expression M n(calc) =
([monomers]/[RAFT CT-agent]) x fractional conversion of monomer1 x MWt of
monomer1 + ([monomers]/[RAFT CT-agent]) x fractional conversion of monomer2 x
MWt of monomer2 + Mwt of RAFT CT-agent. This expression assumes complete
consumption of RAFT chain transfer agent and does not include the small number of
chains formed from the initiator.

219

([10]/ [1])*48% x 1096.93g/mol + ([10]/ [1])*14% x 1297.19g/mol + 279.38g/mol =
5,251g/mol + 1,863g/mol + 279g/mol = 7393g/mol Approx. 7,400g/mol
GPC measurements were not obtained; there are strong interactions of ruthenium
complexes with the polystyrene stationary phase of the GPC columns especially with
high metal loading23.
8.3 UV-Vis Absorption and Emission
The absorption and emission measurements were performed at room temperature in air
saturated acetonitrile. The absorption maxima correspond to metal-to-ligand charge
transfer (MLCT) and the emission maxima show a characteristic Stokes shift for MLCT
emission from the triplet state.
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Figure 8.5 Ground state absorption spectra of monomers [15] and [17] measured in
CH3CN at room temperature
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Figure 8.6 Normalized ground state absorption and their corresponding emission spectra
of monomers [15], [16] and [17] measured in CH3CN at room temperature
The absorption maxima in acetonitrile of ruthenium monomers [15], [16], and [17] are
454, 450 and 556 nm, respectively. The luminescence spectra have maxima at 618, 603
and 752 nm for monomers [15], [16], and [17] respectively. Ruthenium monomers [15]
and [16] have very similar properties; Ru(II) bipyridine monomer [15] was chosen over
Ru(II) phenanthroline monomer [16] to be used in polymerization. Its chemistry is very
well understood. There is also significant overlap with the emission of monomer [15] and
ground state absorbance of the biquinoline monomer [17] which can bring about the
desired energy and electron transfer when they are coordinated in the polymer.
 Oligomers
The UV-Vis and emission spectra of ruthenium oligomer [P1] are similar to that of its
individual monomer [15], however in the random oligomer [P2] with mixed
chromophores, its absorption and emission spectra is almost a sum of both individual
monomer. This suggest to us that there is either little or no electronic intercomponent
interaction between the two metal chromophores centers or the two monomers
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polymerized selectively into separate oligomers. The absorbance and emission spectra of
the oligomers are shown by figure 8.7-8.9
1.0

Oligomer [P2]
Monomer [15]
Monomer [17]

Abs.

0.8

0.6

0.4

0.2

0.0
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Figure 8.7 Normalized ground state absorption of oligomer [P2] (solid-blue). The dotted
lines are UV-Vis from individual monomers [15] (black) and [17] (red) used in spectral
matching.
The ratio of Ru(II) bipyridine to Ru(II) biquinoline chromophores in the random
(co)oligomer [P2] from spectral matching is 208: 69 square units, which is approximately
1: 0.33 compared to 1: 0.35 from DPV (fig. 8.11) and 1: 0.30 from 1H NMR (fig. 8.4).
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Figure 8.8 Normalized emission spectra of oligomer [P2] excited at 454nm (black) and
556nm (red) measured in CH3CN at room temperature

222

Figure 8.8 shows emission spectra of oligomer [P2] after being excited at 454nm and
556nm. Exciting oligomer [P2] at 454nm means that the maximum absorption of Ru(II)
bipyridine chromophore in the oligomer will be excited. The dominant emission is that
from the Ru(II) bipyridine chromophore. The shape of the spectrum is also not
symmetrical at around 700nm-850nm; this can be attributed to emission from the
biquinoline chromophore.
After exciting at 556nm, luminescence is observed from both Ru bpy, metal-to-ligand
charge-transfer (MLCT) and Ru  biq MLCT states. In this case, excitation is at the
maximum absorption of the Ru(II) biquinoline chromophore in the oligomer and
emission is seen from both the Ru(II) bipyridine chromophore (618nm) and biquinoline
chromophore (756nm). The intensity of both emissions are almost the same. This can be
explained when their quantum yields are compared. The quantum yield of Ru(II)
bipyridine monomer is (Фem = 0.048) which is four times that of Ru(II) biquinoline (Фem
= 0.012).When one chromophore is excited over the other, we cannot rule out that the
other chromophore is not being excited because, from the molar absorptivity spectra
figure 8.5, at the chosen wavelength of excitations that is at 454nm and 556nm, the other
chromophore is still absorbing but not that much.
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Figure 8.9 Emission of oligomer [P1] and [P2] after absorbance matched at 434nm
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In figure 8.9, the absorbance of oligomer [P2] and oligomer [P1] were absorbance
matched at 434nm, where monomer [17] absorbance is at its minimum (0.31). The
emission spectrum was collected after excitation at 434nm. The emission maximum
intensity for both polymers was at 620nm and comparing the relative intensity and area,
oligomer [P1] has higher intensity and area than oligomer [P2]. This is an indirect way of
measuring quenching attributed to incorporation of Ru(II) biquinoline chromophore to in
oligomer [P2], the quenching was by 30%.
8.3.1 Summary of Absorption, Emission and Quantum Yield Data
Table 8.4 Summaries of absorption, emission and quantum yield data for the synthesized
monomers and oligomers
Compound

Emission
Eem (nm)
298K/nm
618

Quantum
Yield
Фem
298Ka.
0.048

15

[RuBPY_Monomer]2PF6

λmax (nm)
298K/nm
454

17

[RuBQ_Monomer]2PF6

556

752

0.012

P1 [RuBPY_Olgomer]nPF6

454

618

0.050

454 & 556

618 &
b
756

0.050

P2 [RuBPY_RuBQ_Rand_Oligomer]nPF6
a

Absorption

[Ru(bpy)3].2PF6 used as the reference (Фstd = 0.062) and acetonitrile used as the solvent

b

Excitation wavelength is 556nm where the monomer containing biquinoline ligand absorbs; also an

emission of the monomer containing bipyridine is observed at 618 nm
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8.4 Electrochemical Properties
The potentials for one electron oxidation and or reduction of ruthenium compounds
synthesized were measured by the cyclic voltammetry (CV) and differential pulse
voltammetry (DPV). The CV data are shown in figures 8.10
8.4.1 Cyclic Voltammetry (CV)
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Figure 8.10a Cyclic voltammograms of Ru(II) monomers [15] and [17].
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Figure 8.10b Cyclic voltammograms of Ru(II) oligomers [P1] and [P2].
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Table 8.5 Cyclic voltammetry of Ru(II) complexes/monomers and oligomers
Compound

Oxidation

1st Reduction

Eo(Ru3+/2+)/V vs
SCE

Eo(Ru2+/1+)/V vs
SCE

15

[RuBPY_Monomer]2PF6

1.21

- 1.36

17

[RuBQ_Monomer]2PF6

1.38

-0.81

1.20

-1.34

1.21 (RuBPY) &
1.41 (RuBQ)

-

P1 [RuBPY_Oligomer]nPF6
P2

a

[RuBPY_RuBQ_Rand_Oligomer]nPF6

A three-electrode system consisting of silver /silver chloride (Ag/AgCl) as reference electrode, a platinum
wire as a counter electrode, and a freshly polished glassy carbon as the working electrode were used.
Acetonitrile used as the solvent and 0.1M tetraethyl ammonium perchlorate (TEAP) as the supporting
electrolyte. aSilver wire (Ag+) pseudo- reference electrode was used for the random oligomer

8.4.2 Differential Pulse Voltammetry (DPV)
Table 8.6 Differential pulse voltammetry of oligomer [P2]

[P2]
[RuBPY_RuBQ_Rand_Oligomer]PF6

Eo(Ru3+/2+)/V vs
SCE

DPV Voltammogram

1.21 & 1.41

-5.0x10-7

Current (A)

Compound

RuBPY

-1.0x10-6

-1.5x10-6

RuBQ
-2.0x10-6

1.8

1.6

1.4

1.2

1.0

0.8

Potential (V)

Figure 8.11
Supporting electrolyte: 0.1M TEAP; scan rate 0.2V/s; reference electrode: Ag+ wire

The figure 8.11 shows differential pulse voltammogram of oligomer [P2]. The DPV
technique is one of the most sensitive electroanalytical method and by integration of DPV
voltammograms, the area in coulombs can be calculated, which gives a relative rough
idea about concentration of various species in a sample24, 25. The integration of the DPV
in figure 8.9 gives us 26% of total area contributed from Ru(II) biquinoline chromophore
and 74% from bipyridine chromophore. The ratio of Ru(II) bipyridine to Ru(II)
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biquinoline chromophores in the random (co)oligomer [P2] is approximately 1: 0.35
compared to 1: 0.33 from UV-Vis (figure 8.7) and 1: 0.30 from 1H NMR (figure 8.4).
8.4.3 Excited State REDOX Potentials of Monomers
The excited state redox potentials may be obtained directly by using both electrochemical
and optical parameters. The values that were obtained from cyclic voltammetry were
converted to standard calomel electrode (SCE). The emission maxima values were
converted to electron volt (eV) from nanometers (nm). The eV values relates to the 0-0'
emission energy. The values have been converted to eV because by definition, eV is the
amount of energy gained/lost by the charge of a single electron moved across an electric
potential difference of one volt, thus equivalent to E 0 values obtained from
electrochemistry. The first set of equations (top) show oxidation (OX) potentials and the
second set (bottom) shows reduction (RED) potentials for both the Ru(II) monomers [15]
and [17].
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Oxidation (OX) potentials

[15]

[17]

(Ru(II)*  Ru(III) + e- )
RuBPY_Mono. RuBQ_Mono.
o
(II)
(III)
From electrochemistry: E (II/III) Ru
 Ru
+ e-1.21V
- 1.38V (Vs.
SCE)

From photochemistry: Eem
Eo(II/III) (negative)

Ru(II)*  Ru(II)

+ hv 2.00eV
1.65eV
__________________________

+ Eem = Ru(II)*  Ru(III) + e-

790mV

270mV

_____________________________
……….………………………………………………………………………………..................................

Reduction (RED) potentials

[15]

(Ru(II)* + e-  Ru(I) )
From electrochemistry: Eo(II/I) Ru(II) + e-  Ru(I)
SCE)

From photochemistry: Eem

Ru(II)*



Ru(II)

RuBPY_Mono.
-1.36V

+ hv

[17]
RuBQ_Mono.
- 0.81V (Vs.

2.00eV

1.65eV

______________________
Eo(II/I) (negative)

+ Eem = Ru(II)* + e-  Ru(I)

640mV
840mV
_____________________.

Generally, compounds are better oxidants and reductants in their excited state than in
their ground state26. From the information above, monomer [15] is a better oxidant in the
excited state than monomer [17] by 520mV. On the other hand monomer [17] is a better
reductant than monomer [15] by 200mV in the excited state.
The obtained excited state REDOX values are valuable because it acts as a guide in
selecting a suitable oxidation/ reduction quenchers to quench the ruthenium
chromophores in the excited state. These values led in choosing 10-methylphenothiazine
(MPT) quencher and will be used to study photoinduced electron transfer in the excited
state.
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8.5 Spectroelectrochemistry
8.5.1 Spectroelectrochemistry of 10-Methylphenothiazine (MPT) and Ruthenium
Monomers
 10-Methylphenothiazine (MPT)
The first electron oxidation value for the MPT quencher obtained by CV is 0.836V
(Ag/AgCl). This value was then used during bulk electrolysis of 0.001M MPT in a
spectroscopic cell with a path length of 0.05cm, small gold flag as working electrode,
platinum wire at counter electrode and Ag/AgCl as reference electrode.

10µA

1.0

0.8

0.6

0.4

0.2

0.0

Potential (V)

Figure 8.10
Figure 8.12 Cyclic voltammogram of MPT and a scheme showing one-electron oxidation
of MPT quencher to give the cation radical.
The UV-Vis spectrum was recorded at 0V and at increasing voltage intervals up to 1.0V
when the MPT has been fully oxidized and the shape of the spectra did not change any
more, the spectrum is shown by figure 8.13a. The same procedure was done for dilute
solutions of ruthenium polypyridyl complexes but in this case, the first electron reduction
potentials obtained from CV were used, the spectra are shown by figures 8.13b-c.When
the voltage was returned to original, the shape of the spectra returned to its original shape
for the metal complexes but not with MPT quencher.
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Figure 8.13a: 10-Methylphenothiazine (MPT)
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[RuBQ_Monomer]2PF6 [17]

0.1 M TEAP was used as the supporting electrolyte in the bulk electrolysis. a1 x 10-3 M MPT quencher,
applying a voltage of up to 1.0V for oxidation. bRu(bpy)3](PF6)2 is used to model both the behavior of
RuBPY_Monomer [15] and RuBPY_Oligomer [P1] because they have similar characteristics both in their
absorption and transients, applying a voltage of up to -1.6V to effect first electron reduction and . cA voltage
of -1.0V was also applied for first electron reduction for RuBQ_Monomer [17]

Figure 8.13 Spectroelectrochemistry of 10-methylphenothiazine and ruthenium
monomers
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The figures 8.13 shows the shapes of the spectra at 0V and the spectrum of MPT
following one-electron oxidation as well as spectra after one electron reduction of
[Ru(bpy)3]2PF6 and monomer [17]. The maximum molar absorptivity can be obtained
from the absorption spectra before and after oxidation/reduction.
8.5.2 Calculated/ Predicted Transients Absorptions using Spectroelectrochemistry
The shape of transient absorption of ruthenium (II) complex in presence of 10methylphenothiazine (MPT) reducing quencher following the photoinduced electron
transfer can be predicted from the spectroelectrochemical data. The following general
equation is used:
{Calculated/ Predicted Transients}= {Molar absorptivity of reduced metal complex}
+ {Molar absorptivity of oxidized MPT quencher}
-{Molar absorptivity of ground state of metal complex }
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Predicted TA of Ru(II) Monomers and Oligomer
[P1] in presence of 10-methylphenothiazine (MPT)
quencher
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Figure 8.14a
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above and Oligomer [P1]
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Figure 8.14 Predicted/calculated transient absorptions of Ru(II) monomers and oligomer
[P1]
These calculated/predicted transient absorptions spectra of Ru(II) monomers and
oligomer will be shown to agree with the ones obtained from transient absorption spectra
in section 8.8.1by overlaying them (figure 8.21).
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8.6 Stern-Volmer Quenching Reactions with 10-Methylphenothiazine (MPT)
The principle of using electron donor or acceptor quenchers to obtain ruthenium
compounds exited state potentials is based on the quenching of lifetimes of ruthenium
complex by either an electron donor or acceptor. The chromophore excited state lifetime
dependence on quencher concentration is related by the Stern-Volmer relationship given
by the equation:

τ0/τ = I0/I = 1 + kqτ0[MPT]

Ksv = kqτ0 = kq (kr+knr)-1

Where τ0 and τ denote the excited state lifetime of the chromophore; and I0 and I denote
the intensities in the absence and presence of MPT quencher respectively; [MPT]
represent concentration of the quencher; Ksv is the Stern-Volmer quenching constant, and
kq is the bimolecular rate constant for quenching of excited state. The quenching rate
constant (kq) for each compound was evaluated from the slope of the Stern-Volmer plot.
The excitation of the Ru(II) monomers in presence of 10-methylphenothiazine (MPT)
will lead to electron transfer from the MPT moiety to Ru(II)* MLCT in the excited state
resulting in efficient quenching of the luminescence 27.
Stem-Volmer quenching constants were determined for MPT quencher by examining the
decrease in the luminescence of the ruthenium monomers and oligomers. The SternVolmer plots and decrease in the luminescence after adding quencher at different
concentration are shown by figures 8.15 and 8.16.
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Stern-Volmer plot
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Figure 8.16b

The figures 8.15-16 Shows fluorescence spectra (right) with varying concentration of
MPT quencher used and the corresponding Stern-Volmer plot (left)
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Figure 8.17 Comparison of Stern-Volmer plot in the quenching reaction of oligomer [P2]
and RuBQ_Monomer [17] by MPT in acetonitrile at room temperature
The exited state of oligomer [P2] and monomer [17] were efficiently quenched by
electron donating MPT in acetonitrile. The figure 8.15 and 8.16 shows the relation
between the Io/I value and MPT concentration observed in the quenching reaction. The I o
and I value are the emission intensities in the absence and presence of the quencher,
respectively. The result clearly indicates that the quenching reaction proceeds through a
dynamic quenching mechanism from the straight Stern-Volmer plot and not through a
static quenching mechanism.
The calculated reduction potential for RuBQ_Monomer [17] is 840mV (Ru(II)* + e- 
Ru(I) = 840mV) which is higher than that of RuBPY_Monomer [15] which is 640mV.
This is consistent with the Stern –Volmer quenching data using MPT quencher which
shows that RuBQ_Monomer [17] ( kq = 4.56 x 109 M-1s-1) is easily reduced by MPT
quencher by almost a factor of ten compared with polymer [P2] (kq = 1.14 x 108 M-1s-1)
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8.7 Nanosecond Transient Absorption Spectroscopy
The excited state absorption spectra of all Ru(II) monomers and oligomers were obtained
in room temperature using nitrogen-purged acetonitrile. Figures 18a-b shows absorption
spectra of Ru(II) monomers, and figure 19a-b show transient spectra of the Ru (II)
oligomers at several times following excitation at 450nm.The transient absorption in the
presence of 10-Methylphenothiazine (MPT) quencher will be presented in section 8.8.1
8.7.1

Transient Absorption Spectroscopy in Absence of Quencher
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Figure 8.18b
[RuBQ_Monomer]2PF6 [17]

Figure 8.18 Transient absorption spectra of ruthenium monomers in absence of quencher
The transient absorption obtained for ruthenium monomers [15] and [17] are similar to
[Ru(bpy)3]3+ and [Ru(bq)3]3+ complexes respectively. There is a strong ground state
bleaching at 450nm for monomer [15] but very weak for monomer [17] at around 550nm.
The ground state bleaching can be attributed to (Ru to bpy MLCT) absorption.
There is also bleaching around 650nm for monomer [15] and around 750nm for monomer
[17] and is due to the emission of the monomers
The excitation wavelength of 450nm used will excite into the Ru bpy MLCT,
especially for monomer [15] where the absorption maximum is at 450nm28.
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Figure 8.19 Transient absorption spectra of ruthenium oligomers in absence of quencher
The same transient absorption properties observed with the monomers were maintained
in the corresponding oligomers. In oligomer [P2], the dominant feature was that of
[Ru(bpy)3]3+ chromophore, the TA features of [Ru(bq)2(bpy)]3+ chromophore were not
observed.
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8.7.2

Summary of Lifetime Data

Table 8.7 Summary of lifetime data for the synthesized monomers and oligomers
Compound

Lifetimes

15

[RuBPY_Monomer]2PF6

o, (ns)
RT
976

17

[RuBQ_Monomer]2PF6

266

P1

[RuBPY_Olgomer]nPF6

18 & 953

P2

[RuBPY_RuBQ_Rand_Oligomer]nPF6

23 & 876

The excited state decay lifetimes of all the compounds were all measured using
nanosecond time resolution in nitrogen-purged acetonitrile. The wavelength of excitation
for monomer [15], oligomers [P1] and [P2] was 450nm and 550nm was used for
monomer [17].
The ruthenium polypyridyl monomers have single exponential lifetime decay and are
similar to its analogues in literature. The monomers [15] and [17] have a lifetime of 976
ns and 266 ns respectively. The oligomers show double exponential lifetime decay, the
first decay being the fast component and the second decay being the long component.
The oligomers [P1] and [P2] have a lifetime of (18 ns; 953 ns) and (23 ns; 876 ns)
respectively. The values of lifetimes are summarized in Table 8.7.
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8.8 Photoinduced Electron and/or Energy transfer
Energy transfer refers to a photophysical process whereby the excitation energy of an
excited donor (D) moves to an acceptor (A). This process can occur by either a
nonradiative process or a radiative process and is typically thermodynamically favorable.
The process is called electronic energy migration in a unimolecular system, including
macromolecules and one-dimensional polymer system. This can occur between
homogeneous molecular subunits where no thermodynamic gradient exists or between
heterogeneous structures resulting in an energy transfer gradient. Electronic excitation
results in a quasiparticle termed as an “exciton” and in a homogeneous system exciton is
mobile resulting in “hopping” and energy is not dissipated during migration; however,
the kinetic relaxation of the molecule to the ground state results in a natural lifetime
unless the exciton interacts with a lower energy trap site29. The major aim of studying
photoinduced electron transfer is to see how best solar energy can be converted to
electricity.
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8.8.1

Transient Absorption Spectroscopy in presence of MPT Quencher

The transient spectra were obtained in presence of the 10-methylphenothiazine (MPT)
quencher.
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Figure 8.20 Ruthenium monomers transient absorption spectra in presence of MPT
quencher
The figures 8.20a and 8.20b show transient absorption of monomer [15] and [17]
respectively in the presence of MPT quencher. The signature absorption in both of them
is at 510 nm and it is as a result of absorption by oxidized [MPT]*+ quencher.
The rest of salient features are as a result of absorption by reduced Ru(I) monomers. In
figure 8.20b, the reduced Ru(I) monomer [17] has a strong absorption between 400-450
and at 600 nm. In figure 8.20a, the expected strong absorption at 500nm by reduced Ru(I)
monomer [15] cannot be seen because of stronger absorption by neighboring [MPT]*+
quencher at 510 nm.
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Figure 8.21 TA spectra of monomer [15] (Fig. 8.21a) and monomer [17] (Fig. 8.21b) in
presence of MPT (red) overlaid over calculated spectra from spectroelectrochemistry
(black)
The figures 8.21a and 8.21b show the normalized transient absorption (TA) spectra
overlaid with normalized spectra obtained from spectroelectrochemistry.
In the excited state, the MPT quencher used will be oxidized to [MPT]*+, this will then
result in loss of an electron. The electron lost by MPT as a result of being oxidized will
then reduce Ru(II) to Ru(I). These same excited state characteristics can be modelled
using spectroelectrochemistry. The molar absorptivity of the individual species involved
is obtained before and after being reduced or oxidized. The details of
calculating/predicting shape of the TA using spectroelectrochemistry in the presence of
MPT quencher are presented in section 8.5.2.
The identical TA and calculated spectroelectrochemistry spectra have been shown by
overlaying them and reflect on both the accuracy and precision of both methods used.
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Figure 8.22 Ruthenium oligomers transient absorption spectra in presence of MPT
quencher, excited at 450nm
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Figure 8.23 Transient absorption of mixture of monomers RuBPY_Monomer [15] and
RuBQ_Monomer [17] in presence of MPT quencher
The transient absorption of oligomer [P1] (fig. 8.22a) in presence of MPT quencher is
similar to the corresponding monomer [15] (fig. 8.20a). In (co)oligomer [P2], (fig. 8.22b)
the TA has both the characteristics of monomers [15] and [17] after excitation at 450nm.
This indicate to us that, electron injected by MPT to the Ru(bpy) chromophore has been
transferred to Ru(bq) chromophore in the excited state.
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Energy and or electron transfer can be inferred by comparing the transient absorption
spectra of random oligomer [P2] (fig. 8.22b) and mixture of monomers [15 &17] (fig.
8.23) all in the presence of MPT quencher. In the oligomer, there is a positive absorbance
at around 400-500nm which is attributed to electron transfer from Ru(II) bipyridine
chromophore to Ru(II) biquinoline chromophore because of close proximity which is
absent in the mixture of monomers. This process can be depicted by the scheme 8.5
below. In both cases, electron transfer process (a) occurs but process (b) only occurs in
the oligomer [P2] because of the close proximities of Ru(II) bipyridine and Ru(II)
biquinoline chromophores in the oligomer chain.

Scheme 8.5 Proposed light driven electron transfer process in the oligomer [P2].
There is also evidence of electron or energy transfer; by examining the decay of transient
absorption at both 360nm and 400nm for both the oligomers [P1] and [P2].
At 360nm, (fig. 8.24a) almost identical decay from both oligomers can be seen. At 400nm
(fig. 8.24b) there is no decay from the homo-oligomer [P1], but the decay from the mixed
random oligomer [P2] was observed. The decay can be attributed to Ru(II) biquinoline
chromophore after an excitation pulse at 450nm from the laser where Ru(II) bipyridine
donor chromophore absorbs the most.

243

0.25

0.04

360nm

400nm

RuBPY_RUBQ_Rand_Oligomer

ns and ns
RuBPY_Oligomer

ns and ns

0.15
0.10
0.05

RuBPY_RUBQ_Rand_Oligomer

0.03

Rel.Absorbance

Rel.Absorbance

0.20

ns and ns
RuBPY_Oligomer

0.02

0.01

0.00

0.00
0.0

1.0x10-6 2.0x10-6 3.0x10-6 4.0x10-6 5.0x10-6

Time (sec)

0.0

1.0x10-6 2.0x10-6 3.0x10-6 4.0x10-6 5.0x10-6

Time (sec)

Figure 8.24b
Figure 8.24a
Figure 8.24 Transient absorption kinetic decay of oligomer [P1] (red) and oligomer [P2]
(black). The selected wavelength are at 360nm (fig. 8.24a) and at 400nm (fig. 8.24b)

The excited-state decay of ruthenium metal complex having multiple chromophores
frequently involves a multitude of possibilities including intramolecular and electron
transfer. In the oligomer [P2] chain, the ratio of ruthenium monomers having bipyridine
donor (D) to biquinoline acceptor (A) chromophores is 1: 0.30 from 1H NMR of the area
under the NMR resonances; 1: 0.33 from UV-Vis spectral matching, and 1: 0.35 from
DPV by integration of differential pulse voltammograms. If the ratio from the NMR is
used, the probability of finding a ruthenium bipyridine (D) to biquinoline (A)
chromophore is 0.77 to 0.23; assuming that a uniform hexamer mixture is in the solution,
the number of possibilities are 6D, 5D1A, 4D2A, 3D3A, 2D4A, 1D5A, 6A. The
probability of having the oligomer without an acceptor is (0.77)6 = 0.208 which means
21% of an oligomer sample will not be involved in exchange electronic energy transfer
and this has got a big significance.
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8.8.2

Photoinduced electron and/or energy transfer in Polymer matrices

Studies have been done on photoinduced electron transfer quenching in polymer films
using various redox quenchers and conclusions reached show that the electron transfer
efficiency is a function of the free energy of the transfer and depends on the redox
potential of the quencher30. The quencher 10-Methylphenothiazine was explored in our
studies.
The quenching of monomer RuBQ_Monomer [17] with MPT quencher is very fast with
kq = 4.56 x 109 M-1s-1 and it proceeds through intermolecular dynamic quenching
mechanism due to collision. In this new approach, MPT quencher derivative was attached
to the analogue of monomer [17], to measure how fast the intramolecular quenching
process was. In this case, the ratio of the MPT quencher to the complex core is 1:1. The
complex [Ru(BQ)2(mbpyC4PTZ)]2PF6 [19] was synthesized as described in chapter 7
and its photophysical properties studied. The lifetime in degassed acetonitrile was 13 ns
and 135 ns for the fast and slow component respectfully which was too fast. Transient
spectra showing electron transfer was not obtained (fig. 8.25a). The complex was then
incorporated it in a polymer matrix (Clear Flex® 50 mixed1:2 by weight). The lifetime
was 221 ns but still the features of the transient spectra were not very salient to deduce
photo-induced electron and/or energy transfer in the polymer matrices (fig. 8.25b).
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Figure 8.25 Transient absorption spectra of complex [19]. The wavelength of excitation
was 560nm
8.9 Conclusions
Two acrylamide functionalized ruthenium complexes RuBPY_Momomer[15] where
BPY = 2,2’-bipyridine as energy-donating “D” chromophore, and RuBQ_Monomer [17]
where BQ = biquinoline as energy-accepting “A” chromophore have been polymerized
using the RAFT polymerization procedure in order to obtain homo oligomer [P1] and
mixed oligomer [P2] having mixed monomers attached randomly and the attachment of
these ruthenium complexes to oligomer backbone as side chains is by a C 11 alkyl linker.
The characterization for oligomers was carried out by 1H NMR spectroscopy, UV-Vis
spectroscopy and DPV. The ratio of Ru(bpy) to Ru(BQ) complexes that is ruthenium
bipyridine to biquinoline chromophores in the mixed oligomer was found to be 1: 0.30
from 1H NMR of the area under the NMR resonances, 1: 0.33 from UV-Vis spectral
matching and 1: 0.35 from DPV by integration of DPV voltammograms.
Evidence of electronic energy transfer was not strong, but interesting photophysical
properties were observed.
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Photoinduced electron transfer reactions were done using MPT as an electron donating
quencher. The Stern-Volmer plot showed the quenching process proceed by
intermolecular dynamic quenching through collision. The quenching rate constant of
random/mixed oligomer [P2] is kq=1.14 x 108 M-1s-1and ruthenium monomer [17] is
kq=4.56 x 109 M-1s-1 which is greater than by almost a tenfold difference. Intramolecular
quenching was attempted both in solution and in polymer matrices using an analogue of
monomer [17] by attaching the derivative of MPT quencher to it, and the quenching
process was found to proceed very fast to monitor using nanosecond transient absorption.
Electrochemical properties by CV were measured and the potentials obtained were then
used in the spectroelectrochemical measurements to oxidize the MPT quencher and
reduce ruthenium monomers. The obtained spectra in molar absorptivity (ε) were then
used to calculate/predict their expected transient absorption for the ruthenium monomers
and oligomers in the presence of MPT quencher. The excited state REDOX potentials
were also determined using the CV values relative to standard calomel electrode (SCE)
and steady state emission values converted to electron volt (eV).
The other photophysical properties measured are emission quantum yield using a
standard, luminescence lifetimes measurements in degassed solution and transient
absorption spectroscopy in presence and absence of MPT quencher. The transient
absorptions in the presence of MPT quencher were in agreement with the ones calculated/
predicted by spectroelectrochemistry. The ultimate goal is to synthesize block ruthenium
polymers that can serve as broad spectrum solar collectors in the visible region through a
cascade energy and electron transfer. This approach may ultimately offer a viable way to
make light-harvesting antennae.
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