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Abstract
LIGHT DRIVEN REDUCTION OF CARBON DIOXIDE VIA
RUTHENIUM POLYPYRIDYL COMPLEXES IN THE

PRESENCE OF A PYRIDIUM CATALYST

Matthew West, M.S.

The University of Texas at Arlington, 2015

Supervising Professor: Frederick MacDonnell

The rapid increase in atmospheric carbon dioxide since the industrial revolution
is now beginning to cause global climate changes which could adversely affect our
planets ecosystem. Nonetheless, our ability to sustain the current world population and
standard of living relies on cheap and abundant energy which is only currently obtainable
from the continued use of fossil fuels, which further add CO: to the atmosphere. Given
these circumstances, there is considerable interest and urgency in the development of
new technology which would help us replace fossil fuels with fuels derived from
sustainable energy sources, and in particular, the sun. In particular, a process for the
solar-driven reduction of COz2 into useful liquid transportation fuels, such as methanol,
could lead to a carbon-neutral fuel cycle and eliminate the need for fossil fuels. If
photochemical processes are to be developed along these lines, the incident solar
radiation, which is predominantly in the visible portion of the electromagnetic spectrum,
must be effectively absorbed by photocatalysts which then go on to drive the desired
reactions.

Ru(ll) and Re(ll) transition metal complexes are among the most widely studied

chromophores for solar fuel photochemical processes. In particular, [Ru(phen)s}?*



Ru(bpy)s]?*, [Ru(tpy)2]?*, and more recently [Ru(bgp)z2]?* (where bpy = 2,2-bipyridine, tpy
= 2,2".6',2”-terpyridine, and bgp = 2,6-di(quinolin-8-yl)pyridyl) have enjoyed considerable
attention due to their good chemical stability and promising photophysical properties,
including good absorption in the visible and long lived SMLCT states. In this thesis, these
complexes were studied computationally to determine what factors affect their excited
state lifetimes, which are seen to vary from 0.25 ns to 3 [Is. Previous researchers have
proposed an electronic model in which thermal population of triplet metal centered states
from the 3MLCT state is the key factor in determining excited state lifetime. The closer in
energy that the two excited states are, the faster is the non-radiative decay. In this study,
we examine the structural features including ligand structure, denticity, metal-ligand bond
angles, and deviations from octahedral geometry and correlate these factors to the
excited state lifetime, in view of the existing electronic model. The calculations show that
the HOMO is metal centered (tzg in On) whereas the LUMO is ligand centered ((7*) The
LUMO+1 has mixed ligand [* and metal e4 character, the extent of which depends
strongly on the degree of distortion from On symmetry, as measured by the bond angles
about the metal center. The greater the degree of distortion, the greater the eq character
of the LUMO+1 and also the closer in energy it is to the LUMO. Thermal population of
energetically similar excited states [(tog® — [1*" (LUMO)] and [t2g® — ([1*+eg)' (LUMO+1)]
provides an alternative non-radiative pathway for vibrationally returning to the ground
state via population of a state that has appreciable metal d-d character. Overall, this
electronic description of the molecule provides an accurate mechanistic understanding of
the dominant non-radiative decay pathway.

In chapter 2, we report on the use of [Ru(bpy)s]%* and [Ru(bgp):2]?* as
chromophores for the photocatalytic reduction of CO2 to methanol using pyridinium co-

catalysts. Bocarsly and coworkers have shown that a mixture of pyridine and pyridinium
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in water (pH 5.5) is an effective electrocatalytic system for CO2 reduction to methanol. In
2013 MacDonnell and coworkers, reported that the pyridine/pyridinium CO2 reduction
chemistry could be driven photochemically using [Ru(phen)s]?* as a co-catalsyt. In this
chapter, this photochemical activity is examined with the related [Ru(bpy)s]?*, and the
[Ru(bgp)2]?* chromophores, which are expected to show improved activity due to
improved cage escape yields and longer excited state lifetimes, respectively. The
bipyridine system produced 83+6 uM (0.4 TON) of methanol which was an increase of 20
MM from the control while it produced a very small amount of formate until roughly 4
hours had elapsed. It is possible for formate to enter the catalytic cycle and be reduced to
methanol. The photocatalytic system using [Ru(bgp)2]?* as a chromophore produced 40

MM (0.7 TON) of methanol with a reduced starting concentration.
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Chapter 1

Computational Analysis of Ruthenium Polypyridyl Catalysts

1.1 Introduction

Scientists around the world have become increasingly concerned while continuing to
watch rising levels of carbon dioxide in the Earth’s atmosphere. If levels of carbon dioxide
continue to rise, it is predicted to have devastating effects for our planets ecosystem due to
drastic changes in the Earth’s climate. Studies conducted by, Willner Meyer, Bocarsly, and others
have been done over the years involving the use of transition metal complexes and catalysts to
work in helping the environment by reducing carbon dioxide via solar and electrical power.1-2 3

Photocatalysis is the process where light is absorbed by a chromophore to generate an
excited state electron-hole pair, which is then used to drive an endergonic redox processes and
regenerate the photocatalyst. Transition metal complexes, and in particular ruthenium polypyridyl
complexes, are excellent chromophores for photoredox reactions as they are strong absorbers in
the visible region and have favorable photophysical properties.# 5 In particular the energetics of
the various excited-state and ground-state complexes accessible by these chromophores bridge
the energy gap needed to split water into H2 and O2. The species accessible for [Ru(bpy)s]?* and
their reduction potentials are shown below in a modified Latamier-type diagram, where

[Ru(bpy)s]?*" indicated the photoexcited molecule.

[Ru(bpy)s]***

A

-0.57 1.02

hv
2.1eV

[Ru(bpy)s]?* : > [Ru(bpy)s]>* > [Ru(bpy)s]*

Figure 1-1: Latimer-diagram of [Ru(bpy)s]?* by Meyer in its ground and photoexcited states with

redox potentials vs NHE.
1



A localized view of photocatalytic process starts with the excitation of an electron in the
tog orbitals centered on the ruthenium (l1) ion to the empty pyridine ligand " orbitals, commonly
known as a metal-to-ligand charge transfer (MLCT) excitation.& Z If the hole in the t2g orbital left by
the excited electron is rapidly filled by electron-transfer from a sacrificial electron donor (also
known as reductive quenching of the excited state), such as ascorbate, the electron in the ligand
[1* orbital becomes trapped there and is a potent one-electron reductant (e.g. [Ru(bpy)s]*).2 While
written as [Ru(bpy)s]* the complex is best described as a Ru(ll) ion, two bpy, and one bpy radical
anion, and thus the reduced complex has a reduction potential comparable to an aromatic radical
anion (less the losses due to electrostatics). With a reduction potential of 1.02 V vs NHE, such a
species is more than adequate to drive the reduction of protons to Hz, or CO2 to CO or methanol.
The absorption in the visible, that occurs at 480 nm (2.5 eV), is assigned as the MLCT process
previously mentioned. The initial product is a '"MLCT state but studies have shown fast and
guantitative intersystem crossing to a 3MLCT state, which can be stable for nanoseconds to
microseconds.® The excited state can decay by two ‘non-reactive’ pathways: i. it can emit a
photon (luminescence, radiative decay) or ii. it can vibrationally relax (non-radiative decay) to the
ground state, as shown in Figure 1-2, where kr and kxr indicate the rate constants for radiative
and non-radiative decay respectively. The lifetime of the excited state is generally dominated by
non-radiative decay as radiative decay is usually a slow process.2 12 Because these

chromophores are conformationally rigid, vibrational
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Figure 1-2: Jablonski diagram of photoexcitation.

deactivation is slow and the photoexcited state can participate in redox reactions with donors or
acceptors, thereby transferring some of the excited state potential to chemical potential. The
longer-lived the photoexcited state, the greater its chances are of participating in an electron-
transfer reaction with a donor or acceptor.8 11 The excited state half-life, denoted as 1, which is
propotional to kr/knr. Thus an understanding of the dominant factors for knr is essential if we are to
be able to design and prepare chromophores with long-lived excited states. The predominant
model for non-radiative decay is that thermal promotion of the photoexcited electron from a
SMLCT state into a low-lying metal-centered (3MC) state (which is formally [0* in character) is
responsible for most of the deactivation.® 12 This model puts the eq acceptor orbital above the
ligand 0* MO, as shown in Figure 1-3, and predicts that if the energy gap between these two
MOs in increased, thermal population of the associated 3MC state will be lessened and the

excited-state lifetime will increase.



Figure 1-3: Octahedral Molecular Orbital Diagram with ligand centered orbitals.

Recently, a computational study by Persson et. al. concluded that lifetime is not
dependent on Ao,2 or the change in energy of the metal d orbitals, which conflicts with this model.
Table 1-1 contains some structure and photophysical data for four related ruthenium polypyridyl
complexes: ruthenium(ll) tris(1,10-phenanthroline), ruthenium(ll) tris(2,2-bipyridine), ruthenium(ll)
bis(terpyridine), and ruthenium(ll) di(2,6-bis(quinolin-8-yl)pyridyl). As can be seen, the excited
state lifetimes can vary considerably even though all of these complexes have the same basic d®
low-spin electronic structure. Prior to Persson’s study it was theorized that the short lifetime of
[Ru(tpy)21?* was due to the closeness of the 3MLCT state to a triplet metal-centered (3MC) state.12
As the tpy ligand has some bite angle restraints due to formation of two adjacent 5 membered
rings, it distorts the metal center from pure octahedral which would have a trans N-Ru-N bond
angle, known as © and depicted in Figure 1-4, of 180 deg to 156.6 deg!®2 The ligand bite angle is

depicted as ©.



©: Trans N-Ru-N Angle
@: Ligand Bite Angle

Figure1-4: Crystal structures denoting angles on bidentate (left) and tridentate (right) complexes.

The distortion was thought to lower the [, for the complex, bringing the eg MO closer to
the ligand [0*. This explanation seemed reasonable given that the bpy and phen complexes,
which show a lower degree of On distortion, and the bgp complex, with almost ideal On symmetry,
exhibit lifetimes that increase as the distortion is lowered.?# In this case the distortion is
measured as the trans N-Ru-N angle either on the tridentate ligand or the trans N-Ru-N for a
meridonal arrangement of two nitrogens from one bidentate ligand an one nitrogen from another

bidentate ligand. Both are depicted in Figure 1-4.
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Figure 1-5: Chemical structures of [Ru(phen)s]?* (1), [Ru(bpy)s]?* (2), [Ru(tpy)2]?* (3), and

[Ru(bgp)2]?* (4).

Table 1-1: Table showing denticity, trans N-Ru-N angle, lifetime emissions, absorbance, and

molar extinction coefficient for all complexes.

Complex Denticity e . Ca(lﬁ.m A)«bs Ex(;:l. r:;bs Extlnc;(tl:nt)_qc(r::l)flf;|C|ent
[Ru(tpy)2]** k2 156.6° 0.2515 415 47611 10,0001
[Ru(phen)s]?* k3 173.1° 800 396 453 19,00018
[Ru(bpy)s]?* k3 173.0° 100018 432 453 18,000
[Ru(bgp)2]?* k2 178.5° 30004 467 485 14,0004

Recently reported by MacDonnell and Boston was a photocatalytic system that included
[Ru(phen)s]?* as a chromophore. There have been intensive computational studies performed by
Zheng for both [Ru(phen)s]?* and [Ru(bpy)s]?*, but a comparison between tridentate [Ru(tpy)2]?*
and [Ru(bgp)2]?* with the existing chromophore [Ru(phen)s]?* has not been done.Z 17 & |n this
study, we examined the molecular orbital structures of [Ru(bpy)s]?*, [Ru(tpy)2]?*, and [Ru(bgp)z]?*
using the Becke three-parameter Lee Yang Parr computational method. Our goal was to

compare the molecular orbitals of these complexes to an existing photocatalytic complex in the
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hopes that they would prove to be a more proficient chromophore. After optimization of the
calculated structures, we compared these data with available X-ray structural data and previously
reported computations shown in Table 1-2. The degree of distortion was measured as a function
of the trans N-Ru-N angles (©) as described above and associated with their emission lifetimes.
An analysis of the orbital contributions, particularly for the LUMO and LUMO+1 was then used to
correlate orbital composition with the observed lifetime data. Orbital energies were compared to
determine if any dependence emerged with excited-state emission lifetimes. The next section will
take viable chromophores and judge their effectiveness in a photocatalytic system in comparison

to the already reported [Ru(phen)s]?* system.1

1.2 Experimental

1.2.1 Geometry Optimization and Frequency Computations

All structures were optimized with the same set of commands and the same procedures.
The method was a ground state density functional theory (DFT) Becke three-parameter Lee Yang
Parr (B3LYP) calculation, using Gaussian09, which is highly utilized for these complexes in
todays’ literature.18 12 7. 17 The cc-pVDZ basis set was used for all non-metals where a LanL2DZ
basis set was used specifically for the ruthenium. All complexes were in a +2 charged state and
optimized in an unrestricted conductor polarizable continuum model (CPCM) to model the
charged species in solution using an aqueous solvent model to match the experimental
parameters. All optimizations were performed with tight self consistent field (SCF) convergence
criteria to produce more accurate results along and ultra-fine integral grids, as recommended in
the Gaussian documentation in order to accurately compute large molecules.1Z For brevity, the
optimization and frequency computations were done at the same time. Orbital pictures are shown

in subsequent sections.



1.2.2 Absorbance Computations

Absorbance spectrums were generated for all complexes in order to determine
absorbance and effect of Egand Tzg splitting due to symmetry changes. The computations were
formed using Time-Dependent DFT with the same basis sets and solvent model as the
optimizations for computing the first twenty excited states. A comparison of calculated

absorbance values along with actual experimental comparisons will be seen later on.

1.3 Computational Results and Discussion

1.3.1 Optimization of Ruthenium(ll) tris(1,10-phenanthroline)

Figure 1-6: Optimized structure of [Ru(phen)s]?*

Figure 1-6 above shows the optimized structure of [Ru(phen)s]?*. The structure is tris-
bidentate with a bite angle of 78.7°, and a N-Ru-N angle of 173° suggesting a distorted
octahedral structure. Reported experimental bite angle and trans N-Ru-N, seen in table 1-2, was
79.8° and 173.1 respectively.29 Previous computations were also referenced for the ligand bite
angle of 79.4°.Z The difference of the calculated angles can be attributed to slight difference of
basis sets that were used for the literature optimizations but the computations differ from
experimental data by 1.1°. Shown below in Figure 1-7 are orbital images of the HOMO, LUMO,

and LUMO+1 of the complex which show the calculated electron densities around the ligand and
8



metal for these complexes. The HOMO is centered on the d- orbitals of the metal with small
ligand interaction. The LUMO is composed of the ligand p-orbitals. The LUMO+1 orbital contains
both d and p character with Zheng calculating the orbital to have 6.4% d-character.Z Since the
HOMO and LUMO orbitals contribute to spectral properties an MLCT transfer would take place
upon excitation.

As stated previously, the non-radiative decay of the electron back to the ground state was
undesirable. The smaller d-character present in the ligand orbitals stabilizes the excited "MLCT
state that the electron occupies (LUMO+1) as reported in literature. It has already been used in a
successful photocatalytic system, thus [Ru(phen)s]?* can be compared to the other complexes as
a reference or control. Knowing that this complex is an active chromophore we can assume that

its SMLCT state is different than its 3SMC state where intersystem crossing is unfavored.

HOMO LUMO LUMO+1

Figure 1-7: Electron density images of [Ru(phen)s]?*. The energies are -6.15 eV, -2.52 eV, and -

2.43 eV respectively.



1.3.2 Optimization of Ruthenium(ll) tris(2,2-bipyridine)

Figure 1-8: Optimized structure of [Ru(bpy)s]?*

The ruthenium(ll) tris(bipyridine) structure shown above in Figure 1-8 is highly similar to
that of [Ru(phen)s]?*. Its structure is also tris-bidentate. The calculated bite angle (®) and trans N-
Ru-N angle (©) were 77.7° and 172.9° respectively. These angles were slightly different than
calculated and experimental by Zheng who calculated the bite angle to be 78.4° and 78.7°
respectively.lZ The experimental trans N-Ru-N from known crystal structures was found to be
173°.21 This matches the calculated angle almost exactly. Cause of the difference in the
calculated bite angle could be from the lack of a solvent system used in previous computations.

Electron density orbital images are shown below for this complex.

10



LUMO+1

Figure 1-9: Electron density images of [Ru(bpy)s]?*. The energies are from left to right -6.19 eV, -

2.64 eV, and -2.54 eV respectively.

From these images that were generated in Figure 1-9 we can see the main HOMO and
potentially all HOMO orbitals have metal-centered d-character while the LUMO orbitals are
centered with p-character of the ligands, specifically the carbon atoms. Some LUMO orbitals such
as the LUMO+1 have a small amount of d character contributing where it is previously reported
by Zheng to be 6.2%, which is also slightly smaller than the previous ruthenium(Il) tris(1,10-
phenanthroline) control.1Z-Z Zheng also computed that the LUMO of [Ru(bpy)s]?* included more
ligand character than [Ru(phen)s]?*. This type of electron density suggests an 3MLCT type of
excitation similar to the control, [Ru(phen)s]?*. The LUMO+1’s slightly less d-character stabilizes

the electron in the ligand orbitals.
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1.3.3 Optimization of Ruthenium(ll) bis(2,2’:6’,2”-terpyridine)

Figure 1-10: Optimized structure of [Ru(tpy)2]2*

From the previous complexes we know that emission lifetime is increases with greater
ligand involvement and lower metal d electron involvement. This stabilizes the electron on the
ligands and thus extends the emission lifetime of the excited state. Moving to tridentate structure
seemed the most logical step to limit octahedral distortion and increase emission lifetime. The
bipyridine structure had a longer emission lifetime than the control so from there a terpyridine
structure was looked at. The bite and trans N-Ru-N angles of the terpyridine complex were
calculated to be 78.3° and 156.6° respectively. The bite angle was similar to the angle of the
control of [Ru(phen)s]?* (78.7°), but the N-Ru-N angle was reduced to 156.6° creating a significant
octahedral distortion. Persson calculated angles of 78.4° and 184.6° while Hammarstrém and
Lashgari experimentally concluded it to be 79.5° and 159.1° from its crystal structure.12 13.12 A||
angles are compared in Table 1-2. Below in Figure1-10 shows how this distortion affects the

orbital densities for [Ru(tpy)z2]?*.
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LUMO+1

Figure 1-11: Electron Density images of [Ru(tpy)2]?*. The energies are -6.29 eV, -2.7 eV, and -2.7

ev.

Compared to [Ru(phen)s]?* and [Ru(bpy)s]?*, the terpyridine complex has significantly
more metal d-orbital character in its LUMO and LUMO+1 orbital. Calculated to be over 7%. This
mixing allows the electron to relax to the ground state on the metal very quickly by aligning its
SMLCT state with an 3MC state that it can be obtained through intersystem crossing. The short life
time makes this complex unsuitable as a photocatalyst.

1.3.4 Optimization of Ruthenium(ll) bis(2,6-Di(quinolin-8-yl)pyridyl)

Figure 1-12: Optimized structure of [Ru(bgp)2]?*

The structure of [Ru(bgp)z2]?* shown in Figure 1-12 was computed using the same
outlines previously stated. The structure matches the reported literature.22 Similar to the previous
complex, [Ru(bgp)2]?* is also tridentate though it has vastly different angles, 89.3° and 178.5°

compared to [Ru(tpy)2]?* (78.3° and 156.6°). The angles slightly differ with a previous study
13



conducted by Hammarstrom where the angles were experimentally determined from the crystal
structure to be 89.8° and 177.6°.12 Both bite and trans N-Ru-N angles signify that the complex
has more octahedral symmetry, is less distorted, than any of the previous complexes studied
earlier. With an emission lifetime over three times that of [Ru(phen)s]?*, we confirm symmetry or
rather Ao does not affect the lifetime of the SMLCT excited-state but rather that of the 3MC state.8
Persson et. Al. has shown that the LUMO and LUMO+1 of [Ru(bgp)2]?* have little to no d-
character from the Eq orbitals. With little to no d-character the 3MC state is vastly different than
the SMLCT state and therefore an intersystem crossing is unlikely to occur. Other studies
conducted by Persson using near perfect octahedrals such as ruthenium(ll) di(2,6-bis(2-
pyridylmethyl)pyridine) proved not to have an improvement on lifetime. It was theorized that
conformationally nonrigid structure was to blame as rotation around the methyls allowed for more

excited state distorton.&

LUMO+1

Figure 1-13: Electron density images of [Ru(bgp):2]?*. The energies are -5.92eV, -2.75eV, and -

2.64eV.

In Figure 1-13 above we see a slight difference in the electron densities between
[Ru(bgp)2]?* and the ones that came before it. This complex has minute d-character (1%) in the
LUMO orbitals than the previous complexes as well as more p character in its HOMO orbital but

compared to previous complexes the d-character of the LUMO+1 orbital is drastically smaller
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giving it the ability to stabilize its '"MLCT state and SMLCT state and not allowing for much
intersystem crossing to an undesired 3MC state which only relaxes vibrationally.12 These energies
and figures closely match known literature. All angles are given in Table 1-2 with their respective

references.

Table 1-2: Comparison of calculated and experimental ligand bite angles (®) and trans N-Ru-N
angles (O©).
Complex @ (degrees) © (degrees)
Calc. Calcrer Exprer Calc.  Calcret EXpref

[Ru(tpy)2]** 783 78.48 78,68 156.6 184.66 159.113
[Ru(phen)s]** 78.7 7947 79.80 173 17312
[Ru(bpy)s]>* 77.7 78411 7871 1729 1734

[Ru(bgp)]** 89.3 89.814 88914 1785 1796  177.614

1.3.5 Molecular Orbital HOMO — LUMO Gap Comparison

-2.5

-3.5

-4 = Homo

*Lumo

Energy (eV)

-4.5 = Lumo+1

-5.5

=

==}
==

65 [Ru(phen)s]** [Ru(bpy);12* [Ru(tpy)1?* [Ru(bgp),]?*

Figure 1-14: Molecular orbital comparison of complexes.
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Figure 1-14, is a comparison of the molecular orbital energies of all complexes observed.
The figure shows a decreasing energy difference in the HOMO and LUMO states. The shrinking
of the HOMO-LUMO energy gap indicates the complexes have better octahedral symmetry
around the metal. This means that less energy is needed to effect an electronic transition. The
use of less energy to effect an electronic transition should show what is called a “red shift” in the
absorbance spectra which is shown next.1% 12 Figure 1-14 also displays a crucial difference in the
LUMO and LUMO+1 orbitals. [Ru(tpy)2]?* which is known to have a very small excited-state
lifetime (0.25 ns) has virtually no separation, or a very minute amount, between the LUMO and
LUMO+1 orbitals meaning very small to no difference between its triplet and singlet MLCT states.
This, and taking into account the electron density for its T, we can assume that upon excitation
the electron populates directly into a state that is metal-centered. If we assume that the orbitals
are degenerate with one another the metal character is then doubled (14%). The largest
separation of LUMO and LUMO+1 is in [Ru(bgp)2]?* where the largest excited-state lifetime has
been recorded.

1.3.6 UV-Vis computations and Experimentation

[Ru(phen)3]2+

[Ru(bpy)3]2+

[Ru(tpy)2]2+
[Ru(bgp)2]2+

250 300 350 400 450 500 550 600
Wavelength (nm)

Figure 1-15: Absorbance of Complexes. [Ru(phen)s]?* (396 nm); [Ru(bpy)s]?* (432 nm);

[Ru(tpy)2]?* (415 nm); [Ru(bgp)2]?* (467 nm)
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Figure 1-15 is evidence of a shrinking HOMO-LUMO gap which was then confirmed by
Absorbance both calculated and experimental which are Figures 1-15 and 1-16 respectively.
Absorbance computations were done using a Time-Dependent function. A shrinking of this gap
means that there should be a corresponding shift towards higher wavelengths or (“red shift”)
which is shown in Figure 1-15. This data conflicts with literature in the epsilon values that were
obtained as well as differing solvent systems causing absorbance maxima to be altered, yet the
trend remains the same.24 25 18, 11 Experimental data confirms the shift in Figure 1-16 below
except for [Ru(tpy)z]?* as this complex is unfit to be used as a photocatalyst and thus was not
tested experimentally. Figure 1-16 shows the experimental absorbance of complexes
[Ru(phen)s]?*, [Ru(bpy)s]?*, and [Ru(bgp)2]?*. [Ru(bgp)2]?* has a red shifted MLCT absorbance
band at approximately 490 nm. While both Ru(phen)z]?* and [Ru(bpy)s]?* absorb at approximately

454 nm.
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60000

50000

w ——[Ru(phen)3]2+
——[Ru(bpy)3]2+

[Ru(bgp)2]2+
30000

I
20000 V
10000 % \__
275 375 475

0

575 675 775
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Figure 1-16: Absorbance data for [Ru(phen)sJ?*(blue), [Ru(bpy)s]?*(red), and [Ru(bgp)2]>*(green)

using a 1cm cuvette and unknown concentrations.
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1.4 Conclusion

These computations can only point a direction to go. It is clear that the best photocatalyst
is [Ru(bgp)2]?#*, due to its small d-characterin the LUMO and LUMO+1 orbitals which helps to
stabilize the MLCT states and destabilize its 3MC states, while the worst would be [Ru(tpy)2]?* for
the opposite reason.12 [Ru(bpy)s]?* should not be counted out as it has a better emission lifetime
and less d-character in its MLCT states than the control. Like a previous study by Persson, there
was no evidence to suggest denticity or Ao have any relation to the excited state emission lifetime
although, from the complexes tested the emission lifetime did have a direct dependence on the

trans N-Ru-N angle (©) to the ruthenium metal center shown in Figure 1-17.8

3000 —
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Emission Lifetime (ns)
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0
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Figure 1-17: Emission lifetime dependence of the SMLCT excited state vs. ligand Trans N-Ru-N

(0) angle for all complexes.
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Emission Lifetime (ns)

% Metal Character
Figure 1-18: Graph depicting excited-state emission lifetime vs percent metal character of

complexes.

Emission lifetime did increase with decreasing distortion. Distortion from octahedral
allows greater mixing between the egand 1 orbitals. This mixing promotes intersystem crossing
from the 3MLCT state to a 3MC state where the electron can vibrationally relax faster to the metal
without emitting a photon.8 This is supported by Figure 1-18 where it is depicted that lifetime
emission decreases with increasing percent metal character of the LUMO+1 orbital. Degeneracy

of the terpyridine complex was not taken into account in this figure.
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Chapter 2

Photocatalytic Reduction of Carbon Dioxide under Constant Pressure

2.1 Introduction

In the past decade, the world’s focus has shifted towards the environment amia concerns
of global warming. In physics, it is called cause and effect, with the cause being the industrial
revolution and the effect being rising levels of carbon dioxide in our atmosphere from the burning
of fossil fuels. As carbon dioxide builds in our atmosphere, global climate changes are predicted
to occur and worsen over time. From this concern, research into the conversion of carbon dioxide
back into usable fuels has increased dramatically as it is hoped that a sustainable, carbon-neutral
fuel cycle can be developed. Methanol is the simplest carbon-based fuel molecule that is a liquid
and represents a particularly valuable fuel as it can be easily integrated into today’s fuel
infrastructure.2 If light or solar energy could be used to effectively drive the reduction of CO: to
methanol, then it is possible that an environmentally friendly fuel cycle could be developed.2
Scheme 2-2 shows a balanced redox reaction for the reduction of carbon dioxide to methanol
using ascorbate as the electron/proton donor. In an ideal situation this donor would be water,
which would be oxidized to O2.

Carbon dioxide is the most stable and oxidized form of carbon. From Figure 2-1, which is
shown below, the first reduction of carbon dioxide to its radical species has the largest reduction
potential .8 It is this activation barrier that makes reducing carbon dioxide challenging thus
requiring a catalyst. A number of different homogeneous catalysts have been developed to
reduce carbon dioxide but most can’t reduce CO2 to useable products such as methanol, six

electron reduction, and methane which is an eight electron reduction.2 28
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CO,+e 2> COy” E°=-190V
E

CO,+2e¢+2H > CO+H,0 *=-0.53V
CO,+2e +2H - HCOOH E'=-061V
CO,+4e +4H - H,CO+H,0 E°'=-048V
CO,+6e +6H - H;COH + H,O E°'=-038V
CO,+8e¢ +8H - CH, E°=-024V

Figure 2-1: Reductions of carbon dioxide with their respective potentials.2

Bocarsly and coworkers showed that carbon dioxide could be electrocatalytically reduced
using pyridine and/or pyridinium as the electrocatalyst.2Z The mechanism by which pyridine does
this is complicated by the fact that the electrode material is important for the electrocatalysis and
thus seems to play an active role in the process. This has led to several competing theoretical
studies regarding the actual role of the surface and overall mechanism..28 22.30 A simple surface-
free mechanism involves the formation of pyridinium radicals and subsequent carbamate adducts

as illustrated in Scheme 2-1.

+«6H*
= + H* = e < +CO, Ty +5e 1
| ’_....—_"'-| ’....—_"--\.-—h;.." +H,0
. o W, T +cHo
0 H H o’/c'?om
1 4 J 9

Scheme 2-1: One postulated mechanism for the six-electron reduction of carbon dioxide to

methanol catalyzed by pyridinium.

Bocarsly's system required Pt, Pd or p-GaP electrodes where the reduction potential of
the pyridinium radical shifts to a more positive nature.2!- 32 This shift is not seen when using
glassy carbon or Hg electrodes along with significantly less methanol production. From here
homogeneous pyridine-based reduction of carbon dioxide is theorized to be unsuccessful or

plagued with issues. Seeking to solve this issue MacDonnell et al successfully produced the first
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homogeneous pyridine-based system capable of reducing carbon dioxide to methanol by using
[Ru(phen)s]?* as a photosensitive chromophore and ascorbate as a sacrificial donor.#4 Scheme 2-2
shows a balanced redox reaction for the reduction of carbon dioxide to methanol using an
ascorbate as the electron/proton donor. In an ideal situation this donor would be water, which
would be oxidized to Oz.

Bocarsly’s success with the use of pyridinium ion to selectively electrocatalytically reduce
CO2 to methanol suggested that a photochemical process for this transformation may be viable.
MacDonnell and Boston reported that [Ru(phen)s]?* and pyridine in water (pH 5.0) worked
synergistically to photocatalytically reduce CO: to methanol and formate. In this case, water was
not the donor. Instead potassium ascorbate was used as a donor, as reductive quenching of the
photoexcited state of [Ru(phen)s]?* and [Ru(phen)s]?* with this donor was already known to be
fast and irreversible.23.34 In order to use water as the terminal donor, a competent water
oxidation co-catalyst needs to be developed that also reacts quickly with the excited state
ruthenium complex. To date, no such co-catalyst exists although it is the subject of considerable

research.3s
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Ru2*, py, hv

COy; + 6 HDyeq » CH30H + 6Dy, + HYO

H50 (pH 5.0), ascorbate

HDred
Ru?**
hv Dox + H'
Ru*
Ru?*
74 pyH"
pyH" CH3;0OH

co (the py-cO,
2 adduct must cycle
pyCO,H 6 times and add H*

to make methanol)

Scheme 2-2: The net chemical reaction for the photochemical reduction of CO2 with ascorbate

(top), and the putative catalytic cycles occurring during the process (bottom).

The net chemical reaction and putative catalytic cycle are shown in Scheme 2-2, where
Ru?* signifies a typical Ru(ll) polypyridyl chromophore. In the above scheme, MacDonnell also
reported that potassium chloride (KCI) but not LiCl, NaCl, RbCl, or CsCl or alkaline earth salts,
increased methanol production.2 The reason for this was not well understood but it has been
proposed that this cation may have the appropriate size to ion-pair and stablize some of the
carbamate intermediates proposed in the cycle. Subsequently, MacDonnell and Boston also
showed that chromophore and pyridine co-catalyst could be combined in a single unimolecular
photocatalyst, however this system was inactive in pure water and required mixed-solvents (i.e. 1
M H20 in DMF) for good activity.2¢ This unimolecular photocatalyst was more selective towards
methanol generation over formate than the bimolecular system and of comparable activity.
Nonetheless, the presence of DMF greatly complicated the product detection and mixed solvent

systems are far less desirable than aqueous solution, so further efforts were invested in the
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aqueous system. It was proposed that moving to a tridentate ligand structure may help increase
the effectiveness of the chromophore. As discussed in the previous chapter the distortion from
octahedral seems to encourage mixing between the eq and 7" orbitals thus destabilizing the
MLCT states of the complex. Moving to a tridentate complex could then provide a

conformationally rigid structure where octahedral distortions could be severally diminished.

Figure 2-2: Chemical structure of [Ru(bpy)s]?* (left), and [Ru(bgp)2]?* (right).

This thesis reports on the behavior of two other ruthenium(ll) polypyridyl chromophores in
the bimolecular photocatalytic system. [Ru(bpy)s]?* and [Ru(bgp)2]?*, shown in Figure 2-2, are
promising chromophores with surprisingly different photochemical and sometimes photophysical
behavior than [Ru(phen)s]?*. [Ru(bpy)s]?* In particular, Castellano and co-workers reported that
the cage escape yields for [Ru(phen)s]?* and [Ru(bpy)s]?* with ascorbate were surprisingly
different, at <10% and 55%, respectively.3% 37.38 The cage escape yield is a measure of the
fraction of solvent caged [[Ru(L-L)s]*Ascox] pairs that dissociate prior to electron transfer back to
the ascorbate radical. As seen, [Ru(bpy)s]?* is 25 times more effective in generating the key
reduced [Ru(bpy)s]* complex, however it should be noted that as a trischelate complex it is
subject to the same type of ligand dissociation reactions that are responsible for deactivating the
[Ru(phen)s]?* chromophores. The [Ru(bgp)2]?* chromophore has the stability advantages of the
[Ru(tpy)21?* complex with a long-lived excited state lifetime at room temperature in fluid solution.&
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Thus we proposed that a study of the bipyridine and 2,6-di(quinolin-8-yl)pyridyl chromophores
may well surpass the performance of the [Ru(phen)s]?* chromophore in terms of stability and

quantum yield.

2.2 Experimental
2.2.1 Photolysis
All metal complexes were prepared as described in the literature.22 32 24 Commercial

reagent grade ascorbic acid has been recrystallized from methanol and contains trace quantities
of methanol that skew the experimental results. The following procedure was used to remove
these trace impurities. Ascorbic acid (10 g ) was dissolved in 20 mL millipore water and filtered if
necessary. The water was then removed by rotary evaporation using a warm (55 °C) water bath.
This procedure was repeated a total of six times. Pyridine was distilled before use. All water was

obtained from a Millipore purification system.

Figure 2-3: Photoreactor used in all photolysis experiments.

The photoreactor, shown above in Figure 2-3, that was used for all photolysis reactions
used 120 LED lights (5 mm dim) connected in parallel circuits of 24 that produced light at 470 nm
=20 nm. All glassware was blown out of borosilicate glass with > 90% transmittance in 330 nm-
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1000 nm range. The reaction vessel is a two part system with the outer space serving as a
borosilicate water jacket with inlet and outlet adapters.2 The inner reaction space can contain a
stir bar and holds approximately 30 mL of solution. The top consists of a custom adapter
designed with three 2 mm stopcocks at 120° around a threaded 7 mm top opening designed for a
UV-Vis adapter. All pieces fit snuggly together with grease to make sure pressure is held. Rubber
bands were used to maintain a tight seal from the adapter to the reaction vessel. Carbon dioxide
was bubbled into the 25 mL solution for 30 minutes. In a typical experiment, the photoreactor was
charged with 0.2 M ascorbic acid, 0.1 M potassium chloride, 0.05 M pyridine, 49 uM acetonitrile
as an internal standard, and 225 yM of the chromophore. A sample was taken as t=0 and the
lamp was then turned on. Samples were then collected at 30 min, 1 h, 4 h, 6 h, and 8 h. Samples
(2 mL) were taken through septa to hold pressure inside the reactor and placed in 10 mL
headspace vials.
2.2.2 Product Analysis

Headspace analysis was performed using a Zebron ZB-BAC2 blood alcohol gas
chromatograph column which measured 30 m in length, 0.32 mm in diameter, and had a film
thickness of 1.2 um. The separation method was an isotherm for the first 2 minutes followed by a
20°/min increase until 45° at which it was held at constant temp for the duration of the run (7.25
min). Total run time was 10 minutes. The Shimadzu Gas Chromatograph 2010Plus was paired
with a Shimadzu TQ8040 Mass Spectrometer in Selected lon Monitoring (SIM) mode.42 Analysis
was done with carrier gas consisting of helium (120 kPa) and argon (40 kPa). The mass detector
was specifically targeting 29 m/z (formaldehyde), 31 m/z (methanol), 41 m/z (acetonitrile), and 45
m/z (formic acid). Methanol and acetonitrile were the only peaks that were able to be quantified.
All analysis used a Shimadzu AOC-5000PIlus headspace autosampler which agitated and heated
the samples at 80°C for 30 minutes prior to injection (500 uL) with an 80°C headspace needle. A

sample chromatogram is shown in Figure 2-6.
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lon chromatography was performed with the assistance of Mr. Brian Stamos using an
AG24 guard column with an AS24 separatory column. Each sample was prepared using a Dionex
Onguard Il Ag/H ion filter using the manufacturer's recommended procedures. Samples were
kept at 20°C while being run at a 30°C isotherm on an IC1000 chromatograph. A sample

chromatogram is shown in Figure 2-8.

2.3 Results and Discussion
2.3.1 Methanol Production with Carbon Dioxide
2.3.1.1 System using [Ru(phen)s]?*

MacDonnell and Boston previously showed that photocatalytic reduction of CO2 and
using [Ru(phen)s]?* and pyridine, yielded methanol and formate. This system produced 66 uM of
methanol after 6 hours and 18 mM of formate after the first hour. It was determined that the major
product of the reaction was formate.# A significant difference in our system is the constant
pressure seen below in Table 2-1. Another major difference is our use of headspace gas
chromatography which removed the need to perform any trap to trap distillations.

Table 2-1 below shows the experimental setup of both photolysis, old and new. Past
experiments did not deal with constant pressure which affected the error as well as possible

methanol production which will be talked about further on.
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Table 2-1: Experimental parameters of Boston [Ru(phen)s]?* system and current photocatalysis

system.4

Boston Experimental Parameters Our Experimental Parameters

Complex 200 uM 225 uM
Ascorbic Acid 0.2M 0.2M
Potassium Chloride 0.1M 0.1M
Pyridine 0.05M 0.05M
Acetonitrile Not Present in Reactor 49 uM
Reactor Pressure 1~1.5 atm 2.36 atm
Analysis Trap-Trap Distillation GCMS - Headspace

GCMS - Liquid Injection

Concentration (pM)

[ I [ |
0 2 4 6 8
Time (h)
Figure 2-4: Methanol production using [Ru(phens]?* as a chromophore with new method (blue),

and old method by Boston# (black), 0.225 mM [Ru(phen)s]Cl2, 0.1 M KCI, 0.2 M ascorbic acid,

COg2, at pH 5.0, 25.0 C, 2.36 atm, irradiated at 470 nm.

The new system setup produced three times less methanol than was previously reported,
about 20 yM. Methanol production slows and potentially stops after roughly four hours with a max

turnover number TON of 0.12 methanol to ruthenium which is roughly three times less than was
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previously reported.4 It was also discovered that varying the pressure yielded no change in
methanol concentration.

A source for the differing data could be the change in methanol detection. Previously,
methanol was being detected by GC-MS using liquid injection.# 38 Liquid injection injects an
aliquot of the total sample including the solvent. Our method takes advantage of headspace
which has proven to be a much cleaner method. Headspace analysis heats the samples to
volatilize the headspace in the sample vial. The headspace is then injected into the gas
chromatograph. This method excludes nonvolatile solvents such as water, unless sufficient heat
is applied, providing a clean chromatograph. Samples did not have to be treated beforehand with
trap to trap distillations as was previously done to remove volatiles, which reduced the associated
error and time consumed with sample preparation. Another reason for the low methanol
production of our system could be from how the solution is supplied with carbon dioxide after the
initial bubbling.# 38 Formate is much more prevelant in the solution and thus easier to obtain to
reduce, whereas carbon dioxide after bubbling can only be gained by diffusing into the solution
from a gas in the headspace due to a constant carbon dioxide headspace pressure of 2.36 atm. A
further study could be done to prove this by using an enzyme that increases carbon dioxide
diffusion or bubbling carbon dioxide into the solution while the reaction proceeds. The first option
would be more ideal in order to keep a constant pressure.
2.3.1.2 System using [Ru(bpy)s]?*

The cage escape yield of [Ru(phen)s]?* and certain reductive quenchers is unusually low,
below 10%.3Z 38 [Ru(bpy)s]?*, on the other hand, has a cage escape yield of 50% with ascorbate,
therefore we examined this latter chromophore to see if it improved overall photocatalytic
performance.32 Shown below in Figure 2-5 is the methanol production using [Ru(bpy)s]?* as a

chromophore.
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Figure 2-5: Methanol concentration of reaction using [Ru(bpy)s]J?* as a chromophore (black), and
the control (blue) over time, 0.225 mM [Ru(bpy)s]Cl2, 0.2 M ascorbic acid, 0.1 M KCI, COz2, at pH

5.0, 25.0 C, 2.36 atm, irradiated at 470 nm.

The production of methanol is greater than that of the [Ru(phen)s]?* system by
approximately 20 uM when using [Ru(bpy)s]?*. Methanol is produced for roughly 6-8 hours with
little increase after 8 hours. For the 2,2-bipyridine system approximately 0.4 methanol TON were
found which is greater than the 0.3 methanol TON of the previous [Ru(phen)s]?* system by
Boston but a four-fold increase versus our own testing with the new analytical method. The trend
is the same as the previous data by MacDonnell and Boston in Table 2-2 below.#2 A sample
chromatogram is shown below in Figure 2-6. Both the Figure below and Figure 2-8 are of the

same 8h time point but different samples.

30



3593100 (24 58
41.4b (3.85)
3.0345.pp (1.00)

48.pp (20.48

429.00 (3.60)
100 (24 58

25
2.0

\

154 {1

vof | \
RS i > J&

0.50

1

1.00 125 1.50 175 200 225 250 2
Figure 2-6: Gas Chromatography resulting chromatogram of [Ru(bpy)s]?* system at 8 h interval
showing methanol (0.9 min), and acetonitrile (1.6 min). Method is stated in experimental section

above.

lon chromatography was used to accurately measure the amount of formate produced by
the [Ru(bpy)s]?* system as formate was not detectable by gas chromatograph with the method
that was used. The results are shown below in Figure 2-7 with a sample chromatogram being

Figure 2-8.
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Figure 2-7: Formate concentration via ion chromatography of reaction using [Ru(bpy)s]?* as a
chromophore over time, 0.225 mM [Ru(bpy)s]Clz, 0.2 M ascorbic acid, 0.1 M KCI, CO., at pH 5.0,

25.0 C, 2.36 atm, irradiated at 470 nm, and filtered through Dionex On Guard Il Ag/H Filters
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Figure 2-8: lon chromatography resultant chromatogram of [Ru(bpy)s]?* sample at 8 h interval

where formate appears as the third peak. Method stated above in experimental section.
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Figure 2-7 shows the formate production of a photocatalytic system containing complex
[Ru(bpy)s]?* as a chromophore. Formate increases at a slightly increasing rate over the time of
the reaction. Formate concentration was determined by ion chromatography but the method was
still under development at the time of these experiments. Each sample was filtered once through
the On Guard Il Ag/H Dionex filters where each sample has its own filter. The samples were kept
at 20°C during the analysis and stored in a freezer overnight. The system produced a maximum
formate concentration in a ten hour period of 5 mM. This is significantly less than the formate
produced in previous literature but as we are producing more methanol it stands to reason that
carbon dioxide is being heavily reduced leaving less formate in solution.# As the rate of formate
increases, methanol production decreases.

Still using the [Ru(bpy)s]?* as the chromophore we ran experiments to determine if
methanol was being produced by the reduction of carbon dioxide or if the system could take the
formate that is present, or that it produces, and reduce it to create methanol and other products.
For this experiment the solution was degassed with argon and no carbon dioxide was added,
instead formic acid was added at the same concentration as the electron donor, ascorbate (0.2

M). The results are shown in Figure 2-9.
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Figure 2-9: Methanol comparison of [Ru(bpy)s]?* with CO2 (blue), and without CO2 with 0.2 M
formic acid (red), 0.225 mM [Ru(bpy)s]Cl2, 0.1 M KCI, 0.2 M ascorbic acid, at pH 5.0, 25.0 C, 2.36

atm, irradiated at 470 nm.

To judge whether formate can enter the reduction cycle formic acid was added to the
solution where it was degassed and pressurized with argon instead of carbon dioxide. Both
carbon dioxide and formate can be used as a fuel source for the reaction to produce methanol.
After the solution is degassed with carbon dioxide, CO2 can only enter it by diffusing into the
solution while the formate is already in the solution. This could account for our lower production of
methanol when compared to previous work done by MacDonnell where with not having a

constant pressure the system was able to use both carbon dioxide and formate as fuel sources.
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Table 2-2: Product analysis of photocatalytic experiments, (a) methanol production after 6 hours,

(b) formate production after 1 hour.4

MeOH Formate
Conc. (uM)® TON (ine)? Conc. (mM)° TON (ine)®
[Ru(phen):]” Boston(CO,) 66112 0.33(2.0) 18 76 (152)
Current(CO,) 2512 0.12 (0.76)
[Ru(bpy)3]2+ CO, 836 0.4(2.2) 0.06 0.25(0.51)
Formic Acid 7016 0.35(2.1)
[Ru(bap).]* CO, 40 0.73 (4.4)

Table 2-2 shows the product results of the all systems that were tested. The new
[Ru(bpy)s]?* system produces more methanol than either controls, Boston and new, while formate
is not produced in large quantities until roughly 4 hours, refer to previous figures. Formate
production increases as the reaction proceeds while methanol production decreases. Methanol
production with [Ru(bpy)s]?* is greater than the control but does not last much longer, 6-8h.
Formate was not the main product as was thought in previous publications. These results could
mean that carbon dioxide is reduced to methanol with more effectiveness due to [Ru(bpy)s]?*’s
electron transfer efficiency and cage escape even though it's MLCT has slightly less d-character
from the previous chapter. [Ru(bgp)2]>* when used as a chromophore produced more methanol
than the control but for a much shorter period of time. What is significant that is seen further on is
that the methanol produced was done using a drastically reduced concentration of the

chromophore.

2.3.1.3 System using [Ru(bgp)2]?*
Studies that have been done previously by Hammarstrom indicate that [Ru(bqgp)2]?* can
possibly reductively quench even faster than the 2,2-bypiridine complex while also being able to

transfer electrons at a faster rate (ket < 1 ns) and maintain its emission intensity up to twelve
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hours.12 With this information we suspect that using [Ru(bgp)z2]?* as a chromophore will increase

the amount of methanol produced, while increasing the duration of the photocatalytic reaction.
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Figure 2-10: Methanol production using [Ru(bgp)2]?* as a chromophore, 39 uyM [Ru(bgp)2]Cl2, 0.2

M ascorbic acid, 0.1 M KClI, COz, at pH 5.0, 25.0 C, 2.36 atm, irradiated at 470 nm.

Shown above in Figure 2-10 were the results when using [Ru(bgp)2]?* as a chromophore.
This is predicted to have the highest methanol production. The figure shows little to no methanol
production after one hour of irradiation although due to solubility issues a significantly less
amount of complex was used (38.87 uM). Despite the small concentration the reaction still
produced a TON of 0.7 MeOH in the first hour. This data is inconclusive in [Ru(bgp)2]?*'s ability to
act as a stable, long lasting chromophore but promising in the amount of methanol that could
possibly be produced. Due to low synthesis yields further experiments were not able to be

conducted.

2.4 Conclusion
When comparing our results to that of previous literature it is found that both [Ru(bpy)s]?*

and [Ru(bgp)2]?* produce more methanol than the previously used [Ru(phen)s]?* chromophore .4
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[Ru(bpy)s]?* produced greater methanol and had higher TONs than the control while lasting
slightly longer, up to 6-8 hours, making it to be the better choice when compared to [Ru(phen)s]?*.
This is attributed to possible faster reductive quenching, depending on the sacrificial donor, and
electron transfer rates reported by Castellano along with its longer emission lifetime resulting from
less d-character of its MLCT states causing a separation of the 3MLCT and 3MC states in
comparison to [Ru(phen)s]?*.3% 34. 41 The system using [Ru(bpy)s]?* as the chromophore produced
less formate than previously reported for the control but also had a comparable increase in
methanol production. From this can assume that the carbon dioxide is being reduced straight to
methanol. This is a prime example of [Ru(bpy)s]?*’s electron efficiency and cage escape reported
by Castellano.22 Carbon dioxide does not need to be present for methanol to be produced. While
is it shown that carbon dioxide is the slightly more favored reactant, but over time as shown in
Figure 2-6 that may change.

While the data on [Ru(bgp)2]?* is inconclusive it does warrant further study as the TON
indicates its high electron efficiency and potential as a chromophore. It also has even less mixing
of its Eq d orbitals with its MLCT states than [Ru(bpy)s]?* causing an even further separation
between the MLCT and MC states allowing for stability of the 3SMLCT state and a much longer

lifetime emission shown in chapter 1.
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