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ABSTRACT

The sun provides Earth with a virtually limitless smuof energy capable of
sustaining all of humanity's needs. Photosynthetic csgenhave exploited this
energy for eons. However, efficiently converting solar tazhanto a readily
available and easily transportable form is complexv Neterials with optimized
physical, electrochemical, and photophysical propeatiesat the forefront of
organic solar energy conversion research. In the worlemptes herein, porphyrin
and organometallic dyes with widely-varied properties sardied for solar
energy applications. In one project, porphyrins and pompliyllerene dyads with
aniline-like features were polymerized via electrocicairmethods into
semiconductive thin films. These were shown to havie Yajble light absorption
and stable physical and electrochemical properties. Hoywexgerimentation
using porphyrin polymer films as both the light absoriner semiconductor in a
photoelectrochemical cell showed relatively low efficig of converting absorbed
solar energy into electricity. In separate work, tetrdfamyphyrin derivatives were
examined in conjunction with wide-bandgap semiconductiveesxiiQ and
SnQ. Carboxylic acid-, phosphonic acid-, and silatranetfonalized porphyrins
were obtained or synthesized for attachment to the et species.
Electrochemical, photophysical, photoelectrochemical, arfdee stability studies
of the porphyrins were performed for comparative purpddes order of surface
linkage stability on TiQin alkaline conditions, from most stable to least, was
determined to be siloxane > phosphonate > carboxylatdlyf-ip@arphyrin dimers
fused via their meso and beta positions were synthesizeglaishemical oxidative



synthesis with a copper(ll) oxidant. The molecules ekbktbong absorption in the
visible and near-infrared spectral regions as well agestiag electrochemical

properties suggesting possible applications in light Iséingeand redox catalysis.
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PREFACE

Few world issues compare to the challenge of providingdoever-
increasing energy consumption, without which our soahbstelogical house of
cards would collapse. Energy in all its forms has beémpéesof human progress
for ages. From the advent of fire to the introductioimtd@rnal combustion engines
to the multi-gigawatt fossil fuel power plants, ourligpto burn hydrocarbon
resources has spurred our earthly domination. Its ubiigutitye foundation of
Western society, and our culture has been shaped by it. t@ararid country are
designed around the energy infrastructure, our farms degesenergy-intensive
fertilizer production, and our personal habits closely lirntkeeinergy-demanding

technologies.

Estimated U.S. Energy Use in 2008: ~99.2 Quads

Net Electricity
Imports

Solar
0.09

12.68

Pl Electricity 27.39

Generation

Energy
57.07

20.54

/A
] SN

Residential
11.48

Industrial
23.94

Trans-
portation
27.86

Figure 1. U.S. energy consumption — 2008.
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The United States consumed the equivalent of ~99 quadrBliu (quads)
of energy in 2008 compared to a worldwide use of ~505 difadd.nearly 20% of
the world’s consumption with a much lower percentage oivthréd’s population,
the United States has used cheap energy to propel itwotls largest
economy’ Most of the United States’ energy comes from fossil faglshown in
Figure 1, the bulk of which are the ancient decomposedinsof lifeforms.

Being such, their extraction is unsustainable at the cuiaiteg and will eventually
be depleted. Figure 1 shows that fossil fuels dominateessargy sector, making
all aspects of the economy and lifestyle unsustainalthes long term.

Fossil fuels contain an inherent moral dichotomy. Ay thave helped
increase the standard of living through technologicalressy they have eroded the
environment. Water quality issues from fracking for redtgas, runoff from coal
mining, and acid rain seem mundane secondary problemsacedo the longer
term consequences of climate disruptions. Methaneabdit dioxide are
greenhouse gases, and their release into the envirorsygedirect consequence of
procuring, processing, or burning fossil fuels. The unreleiticrgase in their
atmospheric concentrations is well known, the hypothés#ects being realized,
and the political discussions surrounding it contraaéfs

With all the clamor regarding the issues of greenhousesgalimate
change, and oil imports in the media, one forgets the bbgis arguments:
energy is required for society to function. Must wefassil fuel sources? No.
The sun provides 5.6 x Joules of energy a year equating to > 5.3 million quads,
which is over 10000 times the current energy usagéth only 0.01% of that

XVi



energy required for world demand, and with the sun besugtinable resource,
switching our main energy source to solar appears tddggcal move.

However, much change must occur for this transition. eSoinit is
technological, such as making existing solar energy coovetsvices cheaper and
more efficient. There is also a need to develop efitamethods of storing,
transporting, and using that energy in all its forms. Thregeblogies are
currently moving through the stages of research and devefgmmnare already
commercialized.

The techno-change is a fluid process, ever-changing. Itorevale this
area, mesmerizing even the most creative of minds wathdevelopments.
However, technology alone cannot change the world. The rhsiaabe to change
is society itself. The energy transition can be desciibathny ways as a cultural
transition with a technological component. All the technelsgdoe they crude or
not, are already available; however they are not &iipraced by society. Without
this support the energy transition is low on the listoofety’s priorities and
progress is slow.

In preparation of the inevitable increase in solar enesgge, research is
ongoing into conversion of sunlight into electricity amegy-dense chemicals
such as hydrogen gas. Herein is the progress made intelthisver the course of
a graduate student career, advancing previous researtey and leaving many

possibilities for the future.
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1. OVERVIEW OF PHOTOELECTROCHEMICAL CELLS
1.1. PEC Design and Processes

A photoelectrochemical cell (PEC) is a generic term fde\ace that uses
an absorbed photon to initiate an electrochemical caséadactions, producing
an electrical current. The materials involved can cansiderably, however there
must be a pathway for electrons to flow through the eaiticait. Solid
conductors, semiconductors, and liquids containing redidxeaslectrolytes are the
three main classes of materials used to composerthegt.ci

Assembling and testing a photoelectrochemical celtliseat method of
analyzing the photoelectrochemical properties of a dyenjuanction with other
specific materials in a device. PEC analyses willHasve throughout this text to

compare light-absorbing materials utilizing multipleide designs.

sensitized counter
photoanode membrane cathode electrode electrode

D'/ D*

cs

hv

D'/ D*

ol

red;

OX /
D'/D
(]

& hv
re.
red ox/red
]
D'/ D
ox
€ P € P

non-regenerative cell regenerative cell

Figure 2. General PEC designs. Non-regenerative déllgfed regenerative cell
(right). Redox processes are shown as oxidized/reducezberedpond to the
general formula (oxidized + n® reduced). Oxred, and ox/red; correspond to
separate redox couples. The dashed line in the non-retjgmerd corresponds to
a semi-permeable membrane separating the anode and cateedextSor

specifics.



The two general types of PEC used in this text are showigure 2 as
non-regenerative and regenerative in design. Eachusgsethe same theory
involving a photoelectrochemical cascade after light aisor by a photoactive
species, but the non-regenerative has non-cyclicaletetbow with
electrochemical formation of oxidized and reduced produbiie the regenerative
has continuous flow with cyclical redox components. Noteda flow occurs in
the absence of light. The directional flow of elecsr¢#) through the circuit
depends on the redox potentials of all the species phidto-anodic current shown
for each type in Figure 2. The photoelectrochemicalachesis based on the redox
gradients within the system, with electrons movingifroore negative values to
more positive values in the context of this text.

The mechanism of action for both designs in Figure 2ifivgtlves a light-
harvesting material or dye (D) absorbing a photon of lig¥)t, €xciting an electron
within the molecule to a higher-energy orbital (D*). Tlkeited electron relaxes to
the lowest energy singlet excited state according to Kashidés R can also then
undergo intersystem crossing to a triplet state oétcamergy.

E, o =Ep,p — Eo (eq. 1)

The excited species D* has a potential for oxidation détexchby
Equation 1. The ground-state oxidation potential ofisgdg (E ., ) is reduced
by the energy of the dye excited stalg,.(), yielding the electrochemical potential
for D* to give up an electron and become oxidiz&g (. ). The value for oD*

is therefore more negative thaiVD, making D* a better reductant and able to give

2



up its electron to another species with a more pesigdox potential. The value
for D'/D is normally obtained by a voltammetric method suchyelicc
voltammetry, with the excited state energy value obtaigespbctroscopic
methods.

In the two PEC designs shown in Figure 2, D is conddota metal-oxide
semiconductor; however this is not a requirement for RBE®ill be seen in
Chapter 2vhere the polymeric light harvesting species is alsahiaege carrier.
Metal oxide semiconductors have a conduction band (CB)eatraic region
containing a high density of states capable of low@ste electron flow. When
a species has a reduction potential more negativelibadge of the CB, the
electron can occupy the electronic region of that mateiarrespondingly, when
D absorbs light to produce D*, it is able to transfeelttron to the semiconductor

CB, provided the CB potential is more positive t&an, , . This process forms™D

and generates a charge separated state with the CBis §hrgerally called photo-
induced electron transfer or electron injection.thid point the non-regenerative
and regenerative cells differ.

In the non-regenerative cell shown in Figure 2, theciaelectron travels
with a redox potential corresponding to the potentiahefsemiconductor CB
through the circuit to the cathode. At the cathode, théretereduces a material
(ox2) in another redox process to form a reduced produc) (rétie cathodic side
of the cell therefore accumulates this reduced speciedimes The photoanode is
contained in a compartment with the electrolyte comigiai species (repwith a

redox potential more negative that &nd therefore capable of reducing the
3



oxidized dye D back to D. This electron donor becomes oxidized, atikisfore
consumed over time to form pxThe anodic and cathodic solutions are separated
by a semi-permeable membrane such as Nafion®, allowirgléhtodes to be in
electrical contact while preventing the anodic and cathmdiducts from crossing
into the other compartment. Overall, the absorptiane photon by the dye
causes a single electron to move through the circuit, gergeome molecule of the
oxidized product (at the anode) and one molecule oftthéced product (at the
cathode), assuming both are single-electron processes.

In the regenerative cell configuration shown in Figuth process is
simpler due to the regeneration of a redox mediator in gdotrelyte. After
injection of an electron in the semiconductor CB, the aridlidye Dgets reduced
to D by the reduced form of the redox species (red) inldotrelyte. The electron
in the semiconductor CB travels to the counter electrdoenit reduces the
oxidized form of the electron donor (ox) to the reduced fweul). Overall, the
redox mediator forms a complete circuit through the elBté, resulting in the net

generation of electricity without a net chemical changhe cell.



Volts vs. SCE

FTO FTO /Pt
e -1.20 P/P*
P/ P
— 000 E.
TiOQ_ Tio, CB
CB
hv I/ 1
:
e 002 /T
|
P/ P
Iy
€ = e 0.83 P/P
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Figure 3. Gratzel-type DSSC. PEC design (3a) and gaedmt potentials of
system components (3b)Potentials for dye molecule (P) come from porphyrin
Zn-24, examined in Chapter 3. Ti@onduction band potential varies widely with
solvent and electrolyte, and is shown here as the vahmetonitrile solvent with
100 mM LiCIO,.*® See text for specifics.

An example of a regenerative PEC is the dye-senstizied cell (DSSC)
pioneered by Michael Gratzel and co-workers and shown imégg’ A
nanoporous anatase crystalline-phase, $&niconductor film is coated with a
monolayer of dye, normally using a carboxylic acid mogdtthe dye to bind it to
the surface. In the above example, the dye is a carb@ajtianalogue of tetra-
aryl porphyrinZn-24 which is examined in Chapter 3. The DSSC functions as a
regenerative PEC with the redox potentials of the systewn in Figure 3b.
Electrons flow in the downward direction on the chamyards more positive
potentials. With each absorbed photow) (the excited porphyrin dye P* is able to
inject an electron into the conduction band of Jlwith subsequent formation of

the porphyrin radical cation (. The electrons travel in the external circuit to the

5



platinized FTO electrode, with the platinum serving talgae the reduction of|
to I'. The reduced speci€sd able to be oxidized by'Pcompleting the electronic
pathway.

The electrical current is determined by the number ofrelex flowing in
the photoelectrochemical cascade, and the output votaigearmined by the
difference in electrochemical potentials of the proegss the two electrodes. In
the DSSC in Figure 3, the electrode potentials corresmomiO, Ecg and that of
the k/1" redox couple, giving a maximum theoretical voltage of 920 By
altering the potentials at each electrode, the outptagekcan be altered; however
the maximum theoretical current is still dependenthemiumber of photons
absorbed by the system.

While the voltage is typically set by the choice otenals and device
design, the current is determined by the light-hamgstbility of the dye and the
efficiency of electron flow in the photoelectrochemicaazale. The dye can only
absorb photons in a certain range of the solar spectpeuifically photons with
energies above its singlet excited state energy, providing@er limit to the
number of photo-excited electrons available. Due to thesdygited state redox
properties being associated with the excitation energii@sn in Equation 1, there
can be a tradeoff between harvesting more of the solarsmeahd obtaining
redox potentials that fit within the redox potential coefi of the PEE? In
addition, each photo-excited dye does not equate tosamatble electron in the
PEC photocurrent. Upon excitation, the dye must be alttarnisfer an electron to
another redox-active material. These electron exchangescanthrough the

6



same material or through different materials, but evdgttiad electron must be
capable of traversing the entire circuit. The photoedebemical cascade can be
summarized as a series of processes that involve producimyge-separated state
and routing those charges through a set of materials. Atenglectronic pathway
there are a number of places where those chargesomanlyi@ee, removing them
from the observed photocurrent output. All boundariesdst redox-active
materials are considered points of possible recombmatith the kinetics of the
competing processes deciding the efficiency of the rer@tibn mechanisms.
Thus, device design considerations for the materig<anstruction are integral to
thwarting recombination processes.

Due to the complexity and multitude of PEC designs andnmakt in the
literature, a more detailed explanation of PEC systmmponents, the effects of
their alteration, and the fabrication of the specific REe@ices used in these studies
is provided.

1.2. Conductive Substrates

PEC requires that light penetrate the device so thahibe absorbed by the
photoactive material. The easiest way to incorp@atansparent window is to use
glass or a transparent plastic as one of the substiataddition, it is particularly
useful for the substrate to be electrically conductivié san be used as a collector
of the charge carriers from the photoactive materi@isnerally, the transparent
conductive material works as one or both of the electrodé®iPEC.

Transparent conductive substrates are generally prepatekithg a non-
conductive substrate and adding a thin layer of conductaterral. Commercially

v



available transparent conductive substrates composéittafglass with a thin
conductive layer of either indium doped tin oxide (IT®jloorinated tin oxide
(FTO) are commonly used. Doping of the semiconductantide with indium or
fluorine gives a high conductivity.

Vg=1R (eq. 2)

Conductivity allows for a flow of charge through the matexrad high
conductivity (low resistance) is required for systemsrevioharge flow could cause
a voltage drop in the system according to Equationt& efuation shows that the
current flow (1) in amps in a material with a certeggistance (R) defines the
voltage drop () within the system. For PEC, this amounts to a deciedke
voltage output of the system, and therefore its oveffatiency. The resistance
values for ITO and FTO are on the order of¥8q, allowing for a reasonable
amount of current to flow through the conductive electrad@ssmall PEC without
a noticeable voltage drdp.

1.3. Metal Oxidesand Metal Oxide Electrodes

When working with molecular dyes as sensitizers in REGpnolayer on a
flat conductive surface only allows for a very small petage of light to be
absorbed. This inefficient use of electrode area wasowe by the emergence of
high surface area semiconducttt§® Using nano-sized semiconductive particles,
the fabrication of porous semiconductive electrodes catupeosurface areas over
2000 times that of a flat surfaté? This increase in surface area provides an

equally high increase in the amount of the moleculeltimals to the surface as



shown in Figure 4. In the case of dyes, the electraigdihen be able to absorb a

much greater proportion of light.

conductive
lass . .
9 metal oxide semiconductor
electrode

@ dye
Figure 4. Dye-sensitized porous metal oxide electrode

The choice of semiconductor is dependent upon the chasticeedesired.
For DSSC the semiconductor should be transparentibdevight with a
conduction band accessible to a photo-excited dye. @tpsres a wide-bandgap
semiconductor. Bandgap is a semiconductor electroniosdefined as the
difference in energy (eV) between the populated valencedfaidctrons and the
unoccupied conduction band, with that energy correspomdiagvavelength of
light by Equation 3.Semiconductors are capable of absorbing photons of higher
energy than their bandgap.

Eev = 1240, Where E is energy in eV ands wavelength in nm. (eq. 3)

nm



Two of the most widely used wide-bandgap semiconductotiaogide
(SnQ) and titanium dioxide (Tig). Wide-bandgap semiconductors absorb light in
the UV region and thus leave open the visible-ligbiams for the dyes to absorb.
The semiconductor is used as an organizational steuahd as a conduit for
electrons via its conduction band. Semiconductorshtelge an advantage over
metallic conductors by having lower rates of detrimantatfacial electron
recombination processes in PEC devices.
1.4. Light-Harvesting Materials

The key to any PEC is the photoactive compound used ¢obalight and
initiate the photoelectrochemical cascade. In theaabe experiments herein, the
photoactive materials are either small moleculetynpers. Molecules with-
conjugated bonding such as porphyrins can absorb light throutieovisible
region and become excited im & * transition™ while organometallic dyes such
as ruthenium polypyridyl derivatives have a metaligadd charge transfer in the
visible spectral regiofi.®® Small molecules are typically bonded to porous metal
oxide semiconductive electrodes while polymers are ustunaims in

replacement of the semiconductor.
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Figure 5. AM1.5G solar spectrum. Truncated solar irrexdisAM1.5 global
spectrum from 300 to 1800 nm, with ultraviolet (blue)ibles(green), and infrared
(red). Source: National Renewable Energy Laboratory -
http://rredc.nrel.gov/solar/spectra/am1.5.

The light-harvesting properties of the photoactive matemginaportant in
determining its efficiency in gathering photons. The soladiance spectrum in
Figure 5 relates to the terrestrial surface exposutteeteun’s blackbody radiative
output, with gaps due to absorbance from substances itmtbhsnere. The peak
solar energy hitting earth is in the visible region, witbragltail into the infrared
region. Efficient light harvesting of the higher energytphs can thus be
accomplished using photoactive materials capable offaibggphotons throughout
the UV, visible, and near-infrared regions.

Beyond the light harvesting capabilities of the phdivaanaterial, the
electrochemical properties are very important. The pioelectrochemical

cascade is based on a flow of electrons dependent on theateatacteristics of all

11



the species. The photo-excited material must be abiasfer an electron while
its oxidized form must be able to take an electron famwther species. Altering
the molecular structure of the dye or changing the PBErials are two
commonly used methods to fit the electrochemical palerdf the dye into a PEC
design.

1.5. Electrolytes

In PEC designs where a liquid is used between the@lest as is the case
for the experiments herein, a number of constraints pefSist is that the liquid
must be conductive. This is generally attained by usingpposting electrolyte in a
suitable concentration (> 100 mM). The solvent and elgtdoshould all be
redox inactive unless used to shuttle electrons iphlotoelectrochemical cascade.
They should also be stable to irradiance and inentodst of the materials and
processes in the system.

Electrochemical potentials of some materials arertgre on the solvent
and electrolytes. In particular, metal oxide conduchiand potentials vary with
solvent and electrolyte. In aqueous solutions undedatdrconditions, metal
oxide semiconductor conduction bands have a Nernstian p¢hdence, with the
CB potential becoming more negative by 59 mV per pHinoiease: 2’8 In non-
agueous solutions this does not apply. However, lithama can intercalate into
the semiconductor and affect the conduction band leesimilar way. In
addition, interactions between the metal oxide sudacksolvents or dissolved

species can change the surface conduction band pofefital.
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In a DSSC there is a trend of using ionic liquids astellytes® These are
salts which are liquid at or near room temperature dndhacan contain a redox
active component. Using a redox-active ionic liquithi electrolyte allows for a
high concentration of the desired species and also maksslttien conductivé*
23 In addition, low volatility of ionic liquids makes evaption and vapor pressure
negligible. Due to the relatively high viscosity ohmmonly used ionic liquids,
they are usually mixed with a low-viscosity solveninglaevith other additives.

Also contained in the DSSC electrolyte is lithium deias a source of
lithium and iodide ions, and iodine to complete thexedctive speciesl/ I'. A
common additive is 4ert-butylpyridine, which is thought to interact with threstal
oxide surface and/or the redox electrolyte to increaselbedficiency® 2*
Additional additives can include guanidinium thiocy@nand benzimidazole
analogues among othéré?® The electrolyte solvent is generally a mixture of
alkyl-nitrile solvents with low viscosity, however ange of solvents have been
used??

The common redox species for DSSGsig I, but others have been uséd.
28 Research into new redox species is ongoing. The fosusslem to develop a
species with a more positive oxidation potential tham increase the theoretical
Voo Tris-bipyridyl cobalt(ll/1l) complexes have showrppmise?®
1.6. Counter Electrodes

With one electrode containing the photoactive matehalpther electrode
generally helps shuttle electrons through the systarthe case of DSSC, this
generally entails a conductive material coated withrplat or another material

13



capable of catalytic regeneration ofrbm I3. In the case of non-regenerative PEC,
an electron sink is required. The electrode must be@blecept electrons at the
potentials of the semiconductor CB, and then useldarochemical potential for a
chemical reaction. This could involve the formation oeaargy-rich product such
as hydrogen gas, or could be a simple electrochemicalti@iof a metal salt.
1.7. IPCE Testing
1.7.1. IPCE

Analysis of a PEC generally involves using a calibratga Eource.
lllumination of the PEC produces photocurrent when the Igycapable of being
absorbed by the photoactive material, and this canddgzaa in more detalil
depending on the method. One common method involves ubnog@-spectrum
light source and a monochromator to expose the PEC ¢dispeavelengths, with
the output light calibrated for intensity. By measutimg) photocurrent of the PEC
at incremental wavelengths, and knowing the photon fidkat light, the incident-

photon-to-current-efficiency (IPCE) curve can be obtaimgdg Equation 4°

1.24 x JSC(’UAZ)
<m (eq. 4)

IPCE, =
P, (™) x 2 (nm)
cm

Equation 4 states that the IPCE value at each wagti (IPCE) is
calculated from the short-circuit current densiky)(the power density of the

incident light at the specific wavelength,jPand the wavelengtip), with the units

shown. The constant 1.24 is derived fré\lﬂ?:m where M, is Avogadro’s number
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3 34
M , his Plank’s consta 62640 J, c is the speed of light

mol S
M, and F is Faraday’s const 7 485|A S.
S mo

As its name suggests, the IPCE curve describesattgofm of photons that
strike the electrode at each wavelength that gseetd electrons flowing in the
system. Since photoactive materials tend to absdahbdiferent extinction
coefficients at different wavelengths, the IPCE cuyweerally has a shape similar
to that of an absorbance spectrum of the material.

1.7.2. IQE

The IPCE value is only a partial description of tieCRefficiency because it
does not take into account the percentage of lightrlabdpjust the total light that
strikes the electrode. For this reason the IPCHes called the external quantum
efficiency. When the percentage of light absorbed éytiotoactive material is
taken into account, the IPCE converts into the maiequantum efficiency (IQE).
These values correspond to the number of electrorabgerbed photon at each
wavelength tested. Itis a more absolute efficiencya ®ystem, removing an
important variable. Converting the IPCE to IQE valmeslves knowing how
much light is absorbed at each wavelength. Thisrgpeomes from the
difference of the absorbance spectra of the electbtiened before and after the
photoactive material was added. Absorbance valueargNogarithmic with the
percentage of light absorbed, and so are convertbe tmht-harvesting efficiency
(LHE) using Equation 5. The IQE is then determinsithg Equation 6Generally,

the IQE is the same at each wavelength absorbesisustieer factors are involved.
15



LHE, =1-10" (eq. 5)

(eq. 6)

1.7.3. AM1.5G Simulated Sunlight

While monochromatic light gives certain quantitatiaformation for the
PEC, analyses are also performed using real-woddagios. The most common is
using a simulated sun supplying light intensityada that hitting the earth. These
are obtained using broad-spectrum lamp sourcesr@gnxenon, with calibrated
filters to simulate the solar spectrum. The AM1dgectrum shown in Figure 5 is
associated with global average direct and diffusivaight through the atmosphere
at a solar zenith angle of 4&l@grees at a tilt of 37 degrees towards the sén (1.
atmospheres) and factors in a number of averagesatmaric values. Using
intensity values of 1000 W/mit is a good approximation of the average solar
spectrum and intensity over the mid-latitudes efribrthern hemisphere including

much of the contiguous United States.
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Figure 6. Current-voltage curves. dorresponds to the electrical current with no
applied bias. ¥ corresponds to the applied bias potential whecun@nt is
flowing. Vmaxand hax correspond to the applied potential and currespectively,
that produce the maximum power output for the devithe fill factor (FF) is
determine by Equation 7. See text for details.

When the AM1.5G spectrum at 1000 V¥/mtensity is used as the incident
radiation for the PEC, a number of commonly usddesacan be obtained. The
general experimental procedure involves using @tieapvoltage bias on the PEC
while illuminated. By scanning the applied biasuarent-voltage curve is
obtained. An example is shown in Figure 6. Withapplied bias, the photocurrent
equates to the short-circuit current density.(JWVith increasing applied bias,
similar to placing an electrical load on the citcthe current decreases until the
PEC can no longer produce positive photocurrehe dpplied bias at zero current
is the open-circuit voltage ¢, related to the difference in redox potentialshef
processes at the two electrodes in the PEC. Witlepcoming from the product
of current and voltage, the current-voltage cumat&ins a maximum power point
(Vmax Imaxy) Which helps determine the fill factor of the ceiwsing Equation 7. The

fill factor relates to how well the current-voltagerve simulates perfect diode
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behavior. Using Equation 8 and the variables dised, the power conversion
efficiency ) corresponds to the maximum amount of power obthin relation to
the power input (B). When using AM1.5G simulated sunlight at 12000n#/h is

the solar conversion efficiency standard used topaye PEC designs.

Imax X Vmax (e 7) _ JSC X VOC X FF
J.xV 4 = P,

SC oc

FF= (ed. 8)
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2. PORPHYRIN POLYMER

2.1. Porphyrin Properties

-« MEeso

Figure 7. General porphyrin structure witnd meso positions shown. M can be
a range of metal or non-metal atoms.

Porphyrins are synthetic analogues to the photbstintchlorophyll
species, with general structure shown in Figur@fe aromaticity and ease of
synthetic alteration of the macrocyclic structuteves for a broad range of physical
and electrochemical properties. Most notably kerior of the macrocycle has
the ability to chelate a wide array of metal atoeagh of which affects the physical
and electrochemical properties differently.

Porphyrins tend to absorb throughout the visibigorein an to *
transition due to the large cyclic conjugation pati and dipole transitiorns: 81
Absorbance spectra generally contain a peak ofiglar absorptivity near the
UV region called the Soret band corresponding ¢o3texcited state, and up to
four Q-band absorbance peaks in the visible witdemate molar absorptivity
corresponding to the, &xcited state. The fluorescence lifetimes oferesited

molecules and their analogues can be over 10 nemudg allowing for energy
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and/or electron transfers to occur before relaratipunimolecular process&s®®
For all these reasons, porphyrins have been usedsaxely as light-harvesting
dyes in photoelectrochemical cells (PEE}*

2.2. Porphyrin Polymers

Generally, porphyrins are used in PEC by attactorayporous
semiconductor as described in Chapters 1 and Svetdsr the porphyrin itself can
act as both a light-harvester and semiconductopolymeric form, researchers
have been able to produce semiconducting porpfiima with a range of
electrochemical and physical featuf&s' Porphyrin polymers are materials
containing porphyrin units with a repeated bonditrgcture between them,
generally without full conjugation between the noagrcles. In this way the
porphyrin polymer physical and electrochemical praps are similar to the
porphyrin monomer. However, depending on how th@lpyrin is polymerized,
additional redox mechanisms and/or photophysiedlfes can be established. A
major advantage to using polymerized material av@nomeric ones is the ease of
forming thin films and the ability of those films électrically interact with both
intra- and inter-molecular charge transfers.

Polymerization of porphyrins can be via conventiayathetic techniqué®
or via electrochemical methodf&** The former generally involves a porphyrin
capable of repeated coupling reactions, forminglpgnin polymers of various unit
lengths. Electrochemical methods involve a mudtigllectrode setup with a
solution containing monomeric porphyrin. Applyiag electrochemical potential
(generally an anodic potential) to the electrodkates an oxidation of the
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monomer species which then undergoes a couplimtjoaavith another monomer.
Repeated reactions form a polymeric material whattbe either soluble or
insoluble in the reaction medium. If insolubleg olymer will form a film on the
electrode surface.

A number of oxidatively polymerized porphyrins hdeen characterized in
the literature, most via electrochemical synthestkin films** 4*3 These have
been used for a number of purposes, from lightdsding to heterogeneous
catalysis’*® Our research group introduced a new variety gblpgrin polymer
species derived from the monomers 5-(4-aminophetyB0-bis(2,4,6-
trimethylphenyl)porphyrirl and a similar porphyrin<g analogue shown in
Figure 8% These were electrochemically grown on conductiegerials to form

thin films.

M=H, 1
Zn Zn-1

Figure 8. Porphyrin monomers
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Figure 9. Porphyrin polymers

Porphyrinsl and2 were determined to oxidatively polymerize head-to-
tail***" much like that of the well-known polyanilifié. The general reaction is
shown in Figure 9. In the case of these monontteggorphyrin and aniline
substituent are electronically partially disconedatiue to rotation of the phenyl
ring out of the porphyrin plane. Polymerizatiomatves the single oxidation of the
porphyrin macrocycle and of the aniline substitytarming the radical cation
species of each. A radical-radical coupling octatsveen the porphyrin meso
position and the aniline nitrogen, forming a new®ond along with release of
two protons. Continued reactions produce chaitis wcreasing numbers of
porphyrin units.

Poly-1 andPoly-2 both have the porphyrin macrocycle as the main

component used for polymerization, with polymeiaasignificantly altering the

electrochemical potentials. The new porphyrin reesitne C-N bond makes the
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porphyrin polymer easier to oxidize than the monontiewas determined that in
its freebase (k) form, the porphyrin polymer is capable of actasga p-type
semiconductor by allowing intra- and inter-polyrtransfer of holes (h when
oxidized?® In the case dPoly-2, the fullerene appendage is inert during the
oxidative polymerization, but it is redox active @vhapplying cathodic potentials
where the fullerene can accept an electfoti.was also determined that excitation
of Poly-2 initiates an intra-molecular charge transfer betwihe porphyrin and
fullerene substituent, forming the porphyrin ratization and fullerene radical
anion state (P- Cs¢). This intrinsic charge separation allows for\ension of
light energy into an electrochemical potential mliod a p-n semiconductor
junction, with the ability of those charges to sfan to neighboring porphyrins and
fullerenes and propagate throughout the polymenstil
2.3. Electrochemically Polymerized Porphyrin
2.3.1. Synthesis

Polymeric films were produced by electrochemicadiation of monomers
1, 2, or the metalated analogde-1 on metallic electrodes or conductive glass
(FTO or ITO). Details of the electrochemical pobmation procedures for each
monomer are contained in Chapter 6.2. Cyclic naiteetry (CV) was the preferred
method of producing uniform films. By scanning fiegential between where
polymerization occurs and where the polymer i©yerton-oxidized form, layers of
precipitated polymer build up on the surface. Tais be seen in Figure 10 with
the growth of the polymer redox peaks. Duringfitst potentiometric cycle there
are three irreversible oxidations correspondinipéoporphyrin macrocycle and
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aniline substituent. The first two overlapping ng®V vs. SCE correspond to the
aniline and porphyrin macrocycle, with the thirén.2V corresponding to th8%2
oxidation of the macrocycf8. Subsequent scans show a new set of redox peaks
cathodic to those oxidations. These correspotitetadditional polymer deposited.

Continuous cycling of the potentials produces aneiasingly thick film.

6.0x10° -
< _
= 3.0x10°H
C
o
5
O
0.0
-3.0x10° +——

00 02 04 06 08 10 12 14
Potential (V vs. SCE)

Figure 10. Electropolymerization of mononissn platinum in acetonitrile with

100 mM LIiCIO;, salt as electrolyte at a scan rate of 200 mV/sec.
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2.3.2. Characterization

Current (nA)
o

02 00 02 04 06 08 1.0 12
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Figure 11. Cyclic voltammetry of polymer filnRoly-1 (solid), Poly-2 (dashed),
andZn-Poly-1 (dots) on platinum 2im electrode in acetonitrile with 100 mM
LiClIO,4 at a scan rate of 200 mV/sec.

Initial characterization of electropolymerized playrin thin films consisted
of an electrochemical analysis. The polymer filmese prepared by CV on
platinum or conductive glass electrodes in a smhutif monomer with added
electrolytic salt for conductivity. After polymeation, the prepared films were
rinsed and analyzed by CV in a porphyrin-free augite solution containing 100
mM LiClO4 electrolyte. Repeated CV cycles resulting indéwme spectra are a
sign of good stability. Typical voltammograms loé polymers are shown in
Figure 11. Note that there are no longer peakth@®monomer porphyrin and
aniline, but a single main oxidation peak for epotymer speciesPoly-1 and
Poly-2 have similar oxidation potentials at 0.69V and ¥.¥8. SCE, respectively,
due to the similar porphyrin structure whia-Poly-1 is easier to oxidize due to

the effects of zinc insertion. AlsBply-2 andZn-Poly-1 have shoulder peaks,
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possibly due to a “charge trapping” effect in tihe f During the CV scan, charges
can get trapped in the film, with their releaseungng when the film is oxidized to
the point of conductivity as discussed previodély.

When conductive glass is used as substrate, abvsmispectra can be
obtained. Monomer and polymer spectra are showigure 12.  The polymer
absorbance is slightly different than their respeatnonomers, with broadened
features and red-shifting of the absorption baridistably, the ratio of Soret to Q-
band absorbance intensities decreases in the payrBeoadening could occur due
to the aggregation of the porphyrin material ingbkd-state while the shifting is
due to the change in the porphyrin electronic stasea consequence of the new C-

N bond formed during polymerization.
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Figure 12. Monomer and polymer absorbance spebtmmomers in solution of
dichloromethane (line) and electropolymerized pgrphon ITO (dash). Monomer
1 andPoly-1 (a),2 andPoly-2 (b), andZn-1 andPoly-Zn-1 (c). Normalized at the
Soret. Corrected for absorbance of ITaly-Zn-1 andPoly-2 prepared
electrochemically from monomers in dichloromethaokent with electrolyte,
Poly-1 prepared in acetonitrile solvent. See Chaptefds.@olymerization
experimental details.
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Figure 13. Polymer thicknes®oly-1 (left) andPoly-2 (right). Plot shows the
thickness as a function of the absorbance at tlyeneo Soret. Regression lines are
the least-squares best fit. The error bars shewathge of results from multiple
experiments on the same film.

Assuming that the films are uniform in their dgnghe absorbance should
be linear with polymer film thickness. Using ptofnetry to determine thickness,
films of Poly-1 andPoly-2 with various thicknesses were analyzed and plotitd
their absorbance at the soret peak in Figure 18erferally linear trend was
determined as 101 nm and 74 nm per absorbancuRily-1 andPoly-2,
respectively’’

2.4. Chemically Polymerized Porphyrin
24.1. Synthesis

In addition to electrochemical polymerization, cheahoxidative
polymerization was attempted using®Csalts as a strong oxidant. Though not
known for being good oxidants, Esalts are good one-electron oxidizers in

certain solvent&® and have been previously used to oxidize porpsyrand
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polymerize aniliné® A more extensive discussion of Cas a one-electron
oxidant is contained in Chapter 4.2.1.

Unlike electrochemical polymerization, chemicaldative polymerization
requires that the oxidant have the appropriatexredtential and that sufficient
equivalents of oxidant are used. In the caséel, the oxidant must be capable of
oxidizing the porphyrin and aniline substituent. atetonitrile solvent Cu(B)+6
H,0 was found to be sufficiently oxidizing. For paigrization, 3.5 equivalents of
CU** was used, a slight excess over the 3 equivaleetsetically required for full
polymerization. Two equivalents are needed fohgexphyrin-porphyrin
coupling reaction, which ends with a non-oxidizealeoule. With the polymer
being easier to oxidize than the monomer, the petymill oxidize after its
formation and use another equivalent of oxidanefwh coupling reaction. The
metalated analogue &f Zn-1, was used for the polymerization because it had be
found to polymerize electrochemically much likeand because &ucould insert
into the freebase analogue during the reactiornerAsiolymerization, removal of
the zinc ion to producioly-1 was easily accomplished with trifluoroacetic acid.
Attempts to repeat the reaction with the zinc-iteseanalogue of dyad mononger
yielded an entirely insoluble product.

2.4.2. Characterization

Chemically polymerize#oly-1 was soluble in THF and dichloromethane
solvents suggesting shorter chainlengths tharelagvely insoluble
electrochemically polymerizdeoly-1. HPLC-GPC analysis, experimentally
described in Chapter 6.2, showed the average nlatesaight to be 4343 with a
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polydispersity of 1.37 corresponding to an averdgenlength of 6.8 porphyrin

units>?
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Figure 14. Absorbance spectrum of chemically pelyeedPoly-1 in THF.

Absorbance values normalized at the Soret.

The absorbance spectrum of the material in THFeslg shown in Figure
14. The spectrum in the UV-Visible spectral regiansimilar to that of the
electropolymerizedPoly-1 spectrum in Figure 12. However, the NIR spectral
region contained a series of unknown absorbandespédpon closer inspection
and characterization, it was determined that arsidetion occurred in which the
meso positions of the porphyrins dimerized much ékeaction described by
Osuka and co-workers. The side reaction has a similar radical-radicalpting as
the first step, and is followed by additional cangs to form a fused porphyrin
dimer, shown in Figure 15 as the freebase analstjleontaining the unreacted
aniline groups. Synthetic analogues of the prophas@urity show NIR

absorbance peaks similar to those shown in Figiré 1
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Figure 15. Porphyrin polymer impurity.

With aniline substituents capable of being oxidifmdurther reactions, the
impurity shown in Figure 15 is capable of contirguthe polymerization reaction.
It is unknown whether the impurity forms and incangtes itself into the polymer,
whether two polymer chains dimerize to form theumiy, or both. However,
chromatography of the material on silica gel uslioiploromethane eluent revealed
that the impurity was indeed embedded in the potyhains and not a separate
product.

The impurity can also be seen in the NMR spentist obviously with
characteristic peaks for the mesityl ortho and paethyl groups of similar fused
porphyrins discussed in Chapter 4. Mass spectrgmeis less helpful, as the
impurity-containing polymer mass peaks appearex/éolap with pure polymer

species due to the small difference in masses.
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Figure 16. Electrochemistry of chemically polynzedPoly-1. Performed in
dichloromethane with 100 mM TBARBalt as electrolyte. Referenced using
ferrocene as internal standard and converted ta SCE

Electrochemistry was another method helpful farficming the fused
porphyrin impurity. Figure 16 shows a number oflation and reduction peaks
for the heterogeneol®ly-1. Those at -0.53 V and -0.83 V vs. SCE are close t
similar freebase fused porphyrin reduction peaksudised in Chapter 4.2.4 Table
7. The reduction at -1.31 18 most similar to that seen previously from the
electrochemically polymerized head-to-tail porphysolymer reduction at -1.0 V
vs. SCE™ but cathodically shifted possibly due to the padyralready having been
reduced at another site on the chain. On the arsidi, the broad peaks between
0.50 and 1.0 V likely contain oxidation of the heaeail polymer as well as the
impurity. The additional peaks observed in thearmimogram could derive from
the aniline substituents, the impurity, or unknawdox states formed from
differences in conjugation due to the impurity.

Efforts to promote the desired polymerization bydaring the side reaction

were not successful, and the adverse photophysickélectrochemical properties
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of the impuirity inhibit the impure polymer’s useatght-harvesting
semiconductor. These properties are more thorgutibtussed in Chapter 4, and
the chemically polymerized porphyrin will not besdlissed further. The
electrochemically prepardebly-1 did not appear to have an impurity seen from
UV-Visible-NIR spectroscopy or electrochemical nueth; however the level of
characterization on the thin solid films could naitch that of the soluble
chemically polymerized material.

2.5. Analysisof Electrochemically Polymerized Porphyrin

25.1. HoleTransfer Study

The usefulness of porphyrin polymers as semicaodsics partially based
on their ability to transfer charges within theywoér films. In the case &foly-1,
Poly-2, andPoly-Zn-1, the polymers are relatively easy to oxidize amala act as
p-type semiconductors. P-type semiconductorsfeahsles, or in another sense
they transfer electrons between oxidized sitesar@htransfer within the porphyrin
polymer films is likely via a self-exchange procesgere oxidized porphyrin
macrocycles within the film can transfer their Isoletra- or inter-chain in a
diffusional process. To this end, the diffusiomrge transfer coefficient @) of
holes was studied in electrolytic solution.

In an electrolytic solution, oxidation of the polgnfilms requires
compensating anions to penetrate the film. Thphpom polymer films studied
here have been previously shown to incorporategiagvely small anions of
perchlorate and hexafluorophosphate upon polymieiatgn?®® Whether the
counterion can penetrate is important, as polyrago@ using cyclic voltammetry
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requires oxidation and reduction of the film durgerh voltammetric cycle to
continue polymerization, with counterion incorpavatrequired for
electroneutrality. The rate at which the ions loanncorporated is also important.
lon diffusion rates can limit the overall rate dfacge diffusion within a polymer,
with ion size being particularly significarit>’ Interactions or differences in
interaction between the redox states of the polyandrthe electrolyte could also
affect charge transfer. It is known that metaltaonng porphyrins are capable of
binding axial ligands, affecting porphyrin physieald electronic propertiés.

There are multiple methods to determing r semiconductors. The most
popular use standard 3-electrode electrochemigarerents and apply analogues
of the Cottrell equation to chronocoulometric oracftoamperometric studies, or
use cyclic voltammetry and apply the Randles-Seegikatior?® 22 In the
former, a potential is applied to an electrode-irbitiwed semiconductive material
immersed in an electrolyte. The potential is séepjpom a point where the
material is in a particular redox state to one Imcl the redox state is changed. In
this case, the potential is made increasingly romigizing thereby removing
electrons from the porphyrins. Upon the changeotertial, charge flows within
the film to convert to the new redox state, and fiocess is analyzed as a function
of time. The integrated analogue of the Cottrgllation shown as Equation 9
allows the rate of diffusive charge transfer witthe film for the redox process to

be quantified.

Integrated Cottrell equation Q = 2nFAD2Ct"? 72 (eq. 9)

Where Q is the charge in coulomhss the number of electrons involved in the redmcpssF is
the Faraday constantcPis the charge diffusion coefficient, C is the camication of oxidized
species (mol/c), andt is time.
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Randles-Sevcik equatiori , = 269x10°n*?AD ¢*Cv*'? (eq. 10)

Where jis the peak current, A is the electrode anda,the number of electrons in the redox process,
C is the concentration of redox species (moljcmis the potential scan rate, ang:ls the charge
diffusion coefficient. Assumes room temperatur@@f K.

Cyclic voltammetry can also be used to determieectiarge transfer
coefficient. Cyclic voltammetry of surface-immabéd species results in electrical
current which increases linearly with scan ratey). However, at faster scan rates
the current becomes semi-infinite diffusion limitaad follows a linear increase
with the square root of scan rate (*%). With the transition to diffusion-limited
response, cyclic voltammetry data can be analyyaebldoRandles-Sevcik equation
(Equation 10) to determinedp The values using either Cottrell-based or cyclic
voltammetric experimentation should ideally beshme. With regard to our
experiments, similar values between the two expErtal methods were obtained,
with chronocoulometry producing the most precise r@producible results.

Charge transfer coefficients for porphyrin polymiarslectrolyte reportedly
show a wide range of conductivity up to“1€ht sec' for values of Rr. **% As a
comparison, polyaniline films were reported to hav@-t value of 3.6 x18 cn?
sec¢' under aqueous acidic conditidffs.Diffusion coefficients for structurally
similar porphyrins can depend on the metal incafeat into the macrocycle, and
differ for each redox state of the metal or porphgubstituent® Results can also
differ with experimental conditions, making comgans with literature-cited
materials difficult. To allow for comparisons teype porphyrin polymer

semiconductors, a previously characterized porplpolymer based on the
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monomer Zn-tetrakis-p-hydroxyphenyl porphy8irshown in Figure 17, was

analyzed using the same methdfs.

Figure 17. Zn-tetrakis-p-hydroxyphenyl porphynmnanomer3)

As a strict comparison to previous literatuPely-3 was examined
alongsidePoly-1 andPoly-2 in a similar experiment to Savenife Cyclic
voltammetry was used to polymerize the monomergefimental details for
polymerization of each monomer are contained inp@he6.2. Platinum (2bm
diameter) or FTO (~0.5-1 ¢narea) were used as substrates. Savenije used ITO
electrodes of unknown area for his experimentse thim polymer film electrodes
were then subjected to cyclic voltammetry in acigtitlgrsolvent containing 100
mM LiClO4. The CV scan rate was increased in successivescyntil no

discernable polymer oxidation peak could be obskrve
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Figure 18. Current dependence on scanw&tePoly-1 on platinum (left) and on
FTO (right). Peak current density from anodic psaghown. Experiments
conducted in acetonitrile with 100 mM LiCJOBest-fit linear regression lines are
shown.

Results using cyclic voltammetry provide strikinffetences depending on
the substrate. Usirgply-1 as an example, Figure 18 shows how the peak
oxidation currentgvaries as a function of the square root of themametric scan
ratev. As expected, the current transitions from beingdimwith scan rate to being
linear withv”>. However, when the slope was used to determinetbe results
were vastly different for the substrates. Usirggfandles-Sevcik equation
(Equation 10) and known values for the variables, -1 values were calculated in

Table 1.
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Table 1. Charge diffusion values from cyclic voitaetry

Polymer Dcr Dcr
Pt FTO
cm®sec’  cm®sec’
Poly-1 1.6x10° 4.2x10"
Poly-2 57x10°  35x10™
Poly-3 23x10°  7.1x10™

Experiments conducted in acetonitrile with 100 mi@ID,. Values of Rt determined using the
Randles-Sevcik equation with n=1 feoly-1 andPoly-2, and 0.49 foPoly-3.** Densities were
used to calculate polymer concentration. Dendifgaby-1 andPoly-2 determined previously as
1.42 and 1.56 g/lcihrespectively” Poly-3 determined previously to be 1.35 gfcfi Relative
errors for Ry are +15-50%.

The difference is thought to be due to the largéve surface of FTO
(~0.5-1 cnl) compared to the platinum microelectrode at 4@5dnf. As
discussed in Chapter 1.2 with Equation 2, theeeliisear drop in the applied
potential with increasing current. Using the rigkly small platinum
microelectrode, the drop in applied potential do&sbecome an issue even at high
scan rates. However, significant compensatiosdich drops (iR compensation) is
required for the much larger FTO electrodes dubediigh currents obtained at
higher scan rates. Even with iR compensationietagively low values for
uncompensated resistance commonly obtained cae bangdening in the
voltammetric spectra. This would decrease the pagaient values in cyclic
voltammetry and give artificially low values otpfrom the Randles-Sevcik
equation. Non-comprehensive testing using a 1.6dmmeter platinum disk with
IR compensation resulted in intermediatg- {alues between larger FTO and the
platinum microelectrode (results not shown). Thius,platinum microelectrodes
give a more accurate determination @fr[due to the low currents obtained during

the experiments and were used for all subsequangemobility studies.
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The results on FTO are useful, however, as theyigecevidence that &
for the porphyrin reference polymeoly-3 is comparable to published results. The
Dcr value of 7.1x10' cn sec’ for Poly-3 on FTO is similar to the 8.5x¥6cnt
sec' initially determined by Savenije on ITO substrafes

Polymer films on platinum microelectrodes were alsmlied using
chronocoulometry. The electropolymerized films eveeld at an applied potential
where the polymer was not oxidized, and then a roxidizing potential was
applied. The electrical charge flowing from théypzer with the change in applied
potential was measured as a function of time, hed the applied potential was
shifted back to its original value. The step-pbtdibecame increasingly more
oxidizing with each experiment. Specific experitaédetails are given in Chapter

6.2.

39



1E-6 5

1 ‘iA o—eo
1E-7 e

] [/ f

1E-10 T / T T T T T
0.4 0.6 0.8 1.0 12 14

Potential step (V vs. SCE)

D 1/2C

CT

Figure 19. RY*C as a function of chronocoulometric pulse poténtia

Poly-1 (m), Poly-2 (e), Poly-Zn-1 (A), andPoly-3 (V). Potential step from non-
oxidized state to various potentials. Values gf'd determined using n=1 for
Poly-1, Poly-2, andPoly-Zn-1, and 0.49 foPoly-3.°* Polymers analyzed on
platinum microelectrode in acetonitrile with 100 nihClO,.

The values of BfY°C for polymer oxidation in acetonitrile solvent wit00
mM LiCIO4 were determined at various step potentials usiigtagrated analogue
of the Caottrell equation (Equation 9) and showfigure 19. As the polymer
becomes increasingly oxidized, the value increasdlateaus at step potentials
where the polymer would become fully oxidized. tiAe¢ plateau, the concentration
of oxidized polymer is equal to the concentratibpaymer on the electrode and
thus the @t values can be determined. Results are shownlile Paalong with the

oxidation potential at peak current from cyclictaohmetry.
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Table 2. Charge diffusion values from chronocowdbgnand polymer oxidation

peak potentials

Polymer Der?C Der Eox peak
mol cm™ sec™? cm®sec’  Vvs. SCE
Poly-1 9.2 x10°® 1.7 x10° 0.80
Poly-2 1.4 x10” 1.7 x10°® 0.83
Poly-Zn-1 2.3 x10” 1.0 x10® 0.65
Poly-3 2.7 x10” 2.3 x10° 0.76

Polymer on platinum microelectrode in acetonitwi¢h 100 mM LiCIO,. Values determined from
plateau R"“C values using the integrated Cottrell equatioalu¥s of R+ determined using n=1
for Poly-1, Poly-2, andPoly-Zn-1, and 0.49 foPoly-3.°* Densities were used to calculate polymer
concentration. Density &foly-1 andPoly-2 determined previously as 1.42 and 1.56 g/cm
respectively’’ Poly-Zn-1 was assumed to be the same concentrati®olgsl. Poly-3 determined
previously to be 1.35 g/chf® Relative errors for B are +1-30%.

The results of chronocoulomic testing in Tablezeted that the porphyrin
polymers gave similar & values to voltammetric scan rate testing (Tablenl)
platinum microelectrodes. These values are iufiper range of those determined
by White for metalloporphyrin polymef3and similar to or higher than other
semiconductive polymers based on embedded redive awetal center? > 6667

With the relatively high charge transfer coeffi¢ggenbtained, it was
hypothesized that charge-compensating anion mpmilight be limiting the charge
transfer rate. Previous studies have shown thed films of Poly-1 andPoly-2
contain only 19% and 26% free space by volumeeaily?’ For oxidation of
the polymer film, which occurs in the chronocouldrneeand cyclic voltammetric
experiments, each porphyrin is paired with a cauoridor charge neutrality, and
thus the size of the anion could play a role ipace-limited situation. In such a

case, the polymer itself would be required to sWwuether to re-orient and

accommodate the anion during the oxidation process.
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The effects of anion size were tested using diffesalts as electrolytes in
chronocoulometry experimentation usipgy-1. The salts employed contained
anions of varying size, all larger than the Cknion used for the polymerization
process. The salts, in increasing anion size, tegr@butylammonium p-
toluenesulfonate (TBAPTS), lithium bis(trifluororhane)sulfonamide (LiNEJ,
and sodium tetrakis-(3,5-bis-trifluoromethylphebylate (NaBP{). For these
experimentsPoly-1 was electrochemically prepared in a method idahtec
previous experiments, and chronocoulometry experisngerformed in acetonitrile

solvent with 100 mM of the added salt.

Table 3. Charge diffusion values féoly-1 using chronocoulometry with various

salts
electrolyte Der?C Der
mol cm? sec’? cm?sec?
TBAPTS 7.0x10% 9.8x10%°
LiNTf, 1.2x10® 29x10
NaBPh,* 2.6x10° 1.4x10"%

Polymers electrochemically grown on platinum migeotode using LiClQor TBAPF; salt as
electrolyte. Values determined using plateay BC values using the integrated Cottrell equation
with polymer variables provided in Table 2 capti@gy reproducibility within a factor of 2.
*Values determined using a relatively thin film.

There is a general decrease i r Poly-1 with increasing size of anion
as shown in Table 3. With the largest anion BRhe polymer redox peak was
impossible to distinguish with thicker films, shagiinsulating behavior. However,
when placed into a ClDsolution, the polymer gave a typical CV spectrmot (
shown). The value of & for BPh, shown in Table 3 should be taken as a
maximum value and was determined using a relatibétypolymer film where

possible pinholes were present for ion flow. Ollgtize results suggest that there
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is an ion-related rate-limiting process involveddbarge transfer upon oxidation
when using counterions larger than those useddigngerization.

Additional evidence comes from a chronocoulomestiucly ofPoly-Zn-1
films on platinum, grown using LiClg{electrolyte, and analyzed by
chronocoulometry in 100 mM LiClgelectrolyte containing 3% v/v pyridine in
acetonitrile. Pyridine is able to ligate as arabkgand to the zinc in the
metalloporphyrin polyme? Average values for & were found to be 2.3x18
cn? se¢t compared to 1.0x10cn? sec* without pyridine. Assuming insignificant
polymer swelling upon the added pyridine, its ligatwould consume a portion of
the free space between polymer chains. In so doocaoglld promote a diffusive
ion-limiting D¢t value and/or it could hinder inter-chain chargeysfers by
blocking porphyrin-porphyrin macrocycle stacking.either case, the ligation of
pyridine appears to decrease the charge transéeinfdoly-Zn-1, suggesting that
axial-bound interactions could be applied for seagplications.

Although it was not possible to determine the exharge diffusion
coefficients of the polymers, minimum-Pvalues of 1.7 x 1®cnt sect for Poly-

1, 1.7 x 16® cnf sec* for Poly-2, 1.0 x 1& cnf se€* for Zn-Poly-1, and 2.3 x 18
cnt sec for Poly-3 were determined when the smallest anion salt wes for

characterization.
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252, PEC Testing
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Figure 20. Porphyrin polymer PEC designs and meganechanismPoly-1 (top)
andPoly-2 (bottom). Porphyrin electropolymerized on ITO stuéite. See text for
details.

The semiconductive nature of the porphyrin polymansl their ability to
absorb a wide range of visible light, makes thessfimbe candidates as the active
material for planar thin film PEC. In these PEGigas, a compact film of
semiconductor acts as both the light absorber amduaye carrier. In the case of
Poly-1, the polymer can absorb light and transfer hdikes eharge separation with

other PEC materials, producing a photocurrent. tik@porphyrin-fullerene dyad
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Poly-2, light absorption is followed by an efficient int@l charge separation to
form P*-Cgo”, with both holes () and electrons (ecapable of diffusionally-
traversing the polymer film. The PEC designs showFigure 20 are similar to
those described in Chapter 1.1 but with photo-chthelectron flow and with the
polymer acting as both semiconductor and chargeecaExcitation ofPoly-1
causes photo-induced electron transfer to the zeddiedox species in solution
(benzoquinone BQ), with subsequent hole transférddTO electrode. Photo-
excitedPoly-2 undergoes an internal charge separation, witfutleene anion
able to migrate and eventually transfer an eledtvd3Q in solution while the
porphyrin transfers the hole to the ITO electroBegeneration of the BQ occurs at
the platinized FTO counter electrode.

Poly-1 andPoly-2 were electrochemically grown on ITO substratestard
electrodes made into a regenerative PEC cell ydatonized FTO as counter
electrode as described in Chapter 6.2. Initiatygelectrolyte was used which
contained 150 mM tetra-butylammonium hexafluorophosphate (TBAJPIR
acetonitrile with the common'i I' redox couple (600 mM Lil and 50 mi) |
However it was determined that cathodic photocuimes preferred for the PEC.
This was experienced previously for porphyrin tiims by Hupp and co-
workers®® Since no electron- or hole-blocking materialsevesed between
electrodes, there was nothing that directed thegehifow. Cathodic photocurrent
involves electrons flowing from the polymer intdwg@n, reducingd into I,
opposite of what normally occurs in a Gratzel-tigeC. Generally, photocurrents
involve photo-excited electron injection into thtaahed electrode, but in this case
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it appeared that the photo-excited porphyrin polywees transferring electrons into
the electrolyte. Increasing the iodine conterthefelectrolyte would theoretically
increase the photocurrents, but iodine absorbsdigth is both corrosive and
potentially reactive in higher concentrations. Té@ox couple was changed to
benzoquinone (BQ) / hydroguinone (g®vhich is more stable.

A regenerative PEC was fabricated consisting dif@substrate with
electropolymerize®oly-1 or Poly-2, and with a platinized FTO counter electrode.
A solution consisting of 150 mM TBARRNd 25 mM hydroquinone (QHwith
various concentrations of BQ in acetonitrile wascduas the PEC electrolyte.
Details of PEC fabrication are contained in Chaft2r The porphyrin polymer
PEC was illuminated with 460 nm monochromatic lightl the photocurrent
obtained. With increasing concentration of BQ,a¢hthodic photocurrent

increased as shown in Figure 21.

46



=
o
1
o
°

©

= 0.8+ N e

% ] o

3 0.6

2 ]

2 o

o 044 ©

°©

) {0

N

< 0.2-O.

E

o 0

z 0.0 T T T T T T 1
0 200 400 600 800

[BQ] mM

Figure 21. Photocurrent vs. [BQ] ferPoly-1 ando Poly-2. Electrolyte contained
150 mM TBAPFE and 25 mM QHin acetonitrile with concentration of BQ shown
on the x-axis. Photocurrent was obtained usingatimmmatic 460 nm polymer-

side illumination and normalized to the highesttphorrent.
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Figure 22. Polymer IPCE and LHE spectRaly-1 (left) andPoly-2 (right). IPCE
using polymer-side (dots) and solution-side (daghiednination. Light harvesting

efficiencies of electrodes (solid). LHE valuesatetined from absorbance spectra.
Photocurrent reproducible to 2% discrepancy. Edge consisted of 750 mM BQ
and 25 mM QHwith 150 mM TBAPK in acetonitrile.

Photocurrents foPoly-1 or Poly-2 PEC were obtained at incremental

monochromatic wavelengths, and used to producltbE spectrum described in
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Chapter 1.7.1. Experimental details are outlime@Ghapter 6.2. Typical IPCE
spectra along with the light harvesting efficielspgctra ofPoly-1 andPoly-2 are
shown in Figure 22. The IPCE spectra were obtauset either polymer-side
illumination where the illumination direction isrbugh the ITO/polymer towards
solution, or solution-side illumination where tilemination direction is through
the counter electrode and solution towards therpetyiTO. In either case, the
photocurrent generally overlaps with the absorb&eateires of the polymer, with a
slight blue-shifting of the IPCE spectrum possithlye to slight differences between
absorbance of the polymer in the solid-state, wtieré. HE spectrum is obtained,
and in the electrolytic solution. The maximum IPGHies of ~0.14% and 0.75%
for Poly-1 andPoly-2, respectively, are quite low suggesting that tlaeecbarriers
to efficient charge collection.

IPCE spectra using the above procedures were elitéon porphyrin
polymer PECs consisting of various thicknesPal-1 or Poly-2. These
thicknesses were obtained using the previouslyriiegstconversion of polymer
absorbance to thickness using 101 nm and 74 n@bserbance unit at the Soret
for Poly-1 andPoly-2, respectively’ In order to compare the energy conversion
efficiencies of the samples, the internal quantéfriencies (IQE) were
determined from the IPCE value at the Soret an&thet LHE values using

Equation 6.
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Figure 23. IQE vs. polymer thicknedoly-1 (squares) anBoly-2 (circles) with
Polymer-side illumination (filled) and solution-sidlumination (hollow).
Electrolyte consisted of 750 mM BQ and 25 mM Qtith 150 mM TBAPE in
acetonitrile. Internal quantum efficiency was det@ed from IPCE and LHE
values at the Soret wavelength. Thickness detednising Soret absorbance of
polymer as 101 nm and 74 nm per absorbance urifofgrl andPoly-2,
respectively. Differences in reflectance of FT@ &MO glass taken into account

by dividing initial IQE values by their transmitizan

Figure 23 plots the IQE values as a function ofipar thickness and PEC
illumination direction.It should be noted that without polymer, photoanodi
currents (negative values of photocurrent) wasmbsdn the PEC, likely due to
the slight absorbance of the electrolyte in thélgsegion. With very thin
electrodes, pinholes in the polymer film likelyoall for efficient electrolyte
penetration to the electrode, decreasing obseitvetbpathodic current.

Figure 23 shows a number of interesting trendguti®a-side illumination
gives higher PEC charge collection efficienciesithalymer-side illumination as

the polymer film gets thicker. With thinner filres25 nm thick, the illumination
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pathway plays less of a role. In addition, thesfdyad polymePoly-2 is
generally more efficient thaPoly-1, but both are relatively inefficient.

Taking into account the differences in reflectaotthe FTO counter
electrode and ITO substrate (platinized FTO reflecdre light) by dividing the
initial IQE values by their transmittance, thera idiscrepancy in the PEC
efficiency with illumination direction. This disgpancy increases as the polymer
thickness increases and highlights a particuladdiantage of planar thin film
polymer electrodes. Due to their compactness @atively low surface area,
excitation energy in the caselily-1 or fullerene radical anions f&oly-2 must
be accessible to the electrolyte for the chargesteato BQ to occur as shown in
Figure 20. Internal relaxation of the photo-exatiely-1 or charge recombination
between charge carriersholy-2 decrease the efficiency by wasting an absorbed
photon, so having a photo-excited polymer nednégblymer-electrolyte interface
is ideal. When energy migration or charge migratsoefficient, it does not matter
where photo-excitation takes place. However,if ihefficient then one would
expect the PEC to be more efficient when a higkectemtage of polymer excitation
occurs near the interface. This translates tothe#PEC is illuminated to produce
photocurrent. If illuminated through the polymératrode, then the polymer will
absorb more of the light near that electrode assld¢ the polymer-electrolyte
interface. If illuminated through the solutioneththe polymer will start absorbing
the photons at the interface. Thicker films shbis tiscrepancy in efficiency to a

greater degree.
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The photo-excited polymer likely relaxes to theuyrd state foPoly-1 or
via charge recombination in the dyad polyrRely-2 before it can access the BQ in
the electrolyte. The energy from the light is Jacreasing efficiency and
analogously filtering light before it can reach grdymer-electrolyte interface
where the efficiency of conversion is higher.

The higher efficiency dPoly-2 compared td’oly-1 can likely be attributed
to the ‘dyad effect.’Poly-2 produces a charge-separated stdt€&” with each
absorbed photon. The charges are able to mowe ipdymer films via self-
exchange processes with neighboring porphyrin .ufite hole must migrate to the
ITO electrode while the electron must come intotacinwith the electrolytic
solution where the redox couple can shuttle ihRTO electrode. As the charges
move there is a chance they will recombine eith#ér their own countercharge or
the countercharge from a different charge-sepasittd, decreasing the efficiency.
However, the excitation energyRoly-1 films must come into contact with the
electrolytic solution without the added mobilityatharge-separated state. The
results provide evidence that the charge mobifithe dyad polymer is the likely
reason for the increased efficiency.

Both Poly-1 andPoly-2 show very low IQE values at all thicknesses, with
decreasing values as the polymer films increasi@dkness. Increasing the
polymer thickness increases the amount of lightdsied and available for the
photoelectrochemical cascade, but the absorbedmphate less likely to produce
photocurrent. Decreasing the distance betweepdlyener and the redox species
while still allowing for ample light-harvesting possible if a high surface area
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active electrode could be fabricated. Using a pomide-bandgap p-type
semiconductor or fabricating a bulk-heterojunctigme PEC are possible routes for

future experiments aimed at increasing efficieffcy.
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3. SILATRANES
3.1. Introduction

A staple of many PEC devices are metal oxides, comyhsed as
semiconductors for transporting electrical charddstal oxides are a general term
for a material with a bonded network of metal ianh bridging oxygens.
Depending on the metal and its oxidation stateahwatides have a range of
properties, and they are easily doped with otreneht$: "> The surface generally
terminates with a hydroxyl species that scienhstge exploited to functionalize the
material. When the metal oxide has a high suréaea such as with nanoporous
metal oxide semiconductors, surface functionalirasillows for a relatively high
concentration of the bonded species. This carsétilin applications such as
solar cells or heterogeneous catalysis.

The general reactivity of metal oxide surface hysgli®allows for bridging
or non-bridging connections of dyes using a vardtinctional group$>’® The
most common of these groups is carboxylate, whashideen shown to form a
number of ester and bridged surface linkages, fweahah are shown below in
Figure 24’"" In the linkages, a condensation reaction betwleecarboxylic acid
and surface hydroxyls results in the carboxylatgers bonded to metal ions of

the particular metal oxide.
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Figure 24. Carboxylate linkages on metal oxidendng to the surface hydroxyl
groups as mono-dentate (left) and bi-dentate {right

Metal oxide connections constrain the orientatibthe bound molecule
and its distance to the metal oxide surface, ckeniatics that become increasingly
important when well-packed monolayers are desireth&n electron transfer is
possible. A carboxylate bi-dentate connection @y, Tfor example, has been
theoretically and experimentally determined taalpproximately normal to the
plane of the semiconductdt®* Thus, due to the §pybridization of the bridging
carboxylate carbon atom, a linear rigid substitierihe carboxylate would extend
normal to the Ti@surface. This directly affects the interfaceatistes and packing
properties of the molecule on the semiconductor.

The stability of molecules on the surface depemdthe strength of the
surface bonding. In the case of carboxylate liesathe bridging connection
should have increased strength over the non-bgdgonnection due to the effects
of multiple bonding. However, it is known that loaxylate connections are weak
and able to readily hydrolyze in aqueous solutishen pH > 4° In non-aqueous
solutions, porphyrins containing surface carboxyletkages can be removed from
the surface in mixed solutions of chloroform andiraeol. Thus, the application

of derivatized metal oxides using carboxylate lgé&is limited. Decreasing the
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susceptibility to hydrolysis is the key to broadenthe usefulness of functionalized
metal oxides.

A popular alternative to the carboxylate linkagéhis more hydrolytically
stable phosphonate. Its ester-type linkages, fdima similar way to the
carboxylate, are capable of mono-dentate, bi-dendaid tri-dentate surface
connections as seenfigure 252 Though substantially more stable than the
carboxylate linkage, surface linkages to 7f@rmed from the phosphonate
functional group readily hydrolyze in aqueous sohg with pH > 72 8% Many
applications related to biological systems woultl@compatible with either

carboxylate or phosphonate when neutral or slighdlic aqueous solutions are

employed.
OH OH
o " Mo P9

Metal oxide

Figure 25. Phosphonate linkages on metal oxidmdmBg to the surface hydroxyl
groups as mono-dentate (left), bi-dentate (midaiegl, tri-dentate (right).

One of the most stable surface connections readdyfable to researchers
is bridged siloxane bonding, generally formed fi@active species such as trihalo-
or trialkoxy-silanes with surface hydroxyl groupsmetal oxide§>® The
bonding mechanism is different than the previodslgcribed carboxylate and
phosphonate connections. Here, the surface hydgoayps displace the labile

halo or alkoxy substituents. These linkages, shiovwigure 26 have been shown
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to be more stable to hydrolysis than carboxylatemjueous solutiorfs.
Furthermore, the lack of hydrolytic cleavage in piierange 1-13 suggests them to

be more stable than phosphonates astell.

OH OH
\Si,\OH \Si/ |-
O/ Q/ \Q O/SI\,I:O

Metal oxide

Figure 26. Siloxyl linkages on metal oxide. Borglto the surface hydroxyl groups
as mono-dentate (left), bi-dentate (middle), anddntate (right).

Aminopropylsilane derivatives have historically belkee most commonly
used silanization reagents for attaching moledol@setal oxide surfaces. The
trichloro- and trialkoxy-aminopropylsilanes havadtionalized a number of
different metal oxide surfaces, but used tedioepamations including anhydrous
conditions and in-situ reaction sequente® ® In these procedures the metal
oxide hydroxyl groups would first react with théasee to functionalize the surface,
and later the amine appendage would undergo asgepaupling reaction,
generally an amide coupling to another moleculest-Burface modification
analyses using this method are difficult becauserofening the surface coverage
of the original silanization and then the perceatafyamines reacted in the second
step is tedious if not impossible. Performingabepling reaction with the amine
prior to silanization is ideal. However, the gexieeactivity of trihalo- and

trialkoxy-silanes makes them incompatible with maygthetic procedures.
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Stabilizing the silane precursor would open up sgmthetic avenues and

applications.
Q /R

\\/w \\/w
Figure 27. Silatrane structure. The substituecaRvary greatly, and affects the

resonance as seen from observe#ii$ibonding lengthg! >

A useful synthetic method to stabilize the silapesr to surface
functionalization is to use triethanolamine as el&img protecting group to form
alkoxysilanes that resist hydrolysis’ The resulting pentacoordinate silicon
functional group shown in Figure 27 is commonlyedhthe silatrane. The silicon
atom resists nucleophilic attack due to the cheltieet of the triethanolamine
protecting group and because the triethanolaminegan lone-pair coordinates the
silicon to form an electron-rich silicon. A simipid structure will be used
throughout this text.

O R
( slu/

RSiX3+ N(-CH,CH,OH); — N+
3+ N(-CH,CH,OH)3 N Oh 3HX

Figure 28. Synthesis of silatranes. The substitRecan vary widely while X is
generally chloro or alkoxy groups.

Synthesis of silatranes generally uses trichlorariakoxy-silanes with
triethanolamine as shown in Figure®28? Since many trialkoxysilanes are liquids,
as is triethanolamine, the reactions can be doti®uti solvent and with excellent

yields.
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With the stability of silatranes, a molecule sustaminopropylsilatrane can
first react with a carboxylated molecule in an arsdupling, and the product can
be purified and used later. The deprotection efsitatrane to the commonly used
trihalo- or trialkoxy-silanes has not been vigotguexplored; however, it was
experimentally determined herein that silatranésieftly react with the surface
hydroxyl groups on nanoporous semiconducting nuedales with mild heating in
an inert solvent like toluene or acetonitfifeAlso, aminopropylsilatrane was
previously found to react with the surface of mitaqueous condition’s>* It is
hypothesized that the surface hydroxyl groups siciualeophiles to the silicon, and
due to their high concentration on the surfaceahte to remove the
triethanolamine protecting group by competitivediog. The surface reaction
silanizes the surface with the attached moleculle mo need to deprotect the
silatrane beforehand.

3.2. Resultsand Discussion
3.2.1. Synthesis

Silatranes were experimentally determined to résidtolysis to the extent
that they can be purified by silica gel column chatography. This useful feature
opened a synthetic doorway and was exploited tthegize complex silatrane
molecules, some of which require this purificatmathod. These syntheses
generally involved a synthetic coupling reactiomtimch a molecule with silatrane

functionality onto a more complex molecule.
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Figure 29. Silatranes for coupling reactions

The small molecules shown in Figure 29. werdlsgized or obtained,
with experimental details and characterization jghed in Chapter 6.3. The
silatranes are capable of undergoing further syictheupling reactions for
attachment. Vinylsilatrangwas obtained from commercial sources while
silatranes, 6, and9 were synthesized from commercially available koalysilane

precursors. Silatrarewas synthesized frofivia a Sonogashira coupling with
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trimethylsilylacetylene followed by deprotectioAminopropylsilatrané0 was
previously synthesized in the laboratory from tinekoxysilane precursor.
Vinysilatrane4 and allylsilatran& are olefins capable of undergoing
reactions such as the carbon-carbon bond formirzgidki-Heck reactio>*® p-
Bromophenylsilatrané can undergo a number of reactions including Suzuki
Miyaura couplings’ p-Ethynylphenylsilatrang is capable of a number of
couplings including a Sonogashira couplifgrinally, p-aminophenylsilatrarge
and aminopropylsilatrant) are capable of Buchwald-Hartwig reactions and
amide-type coupling reaction$®® These are of course a non-extensive list of the
reactions suitable for the functional groups inedlybut are a hint of the range of

synthetic possibilities.
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Figure 30. Silatrane and carboxylate dyes. Syiateeheme for preparation of

TTP-sil 12 and TMP-sil14 (top), Ru(bpyj-sil 16 (middle), and Ru(bpy)COOH

17 (bottom). Synthetic details and characterizati@cantained in Chapter 6.3.
To explore the stability and solar energy applicet of silatranes, a number

of carboxylic acid- and silatrane-functionalizecedyvere synthesized for use in

PEC devices. The initially synthesized moleculesas in Figure 30, based on the

commonly used porphyrin macrocycle and tris-bipyridthenium complexes

Ru(bpy}, were synthesized from amide couplings between@mnopylsilatrand0
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and the carboxylate features of the dyes. Expeatimhéetails and characterization
are provided in Chapter 6.3. Porphyrin-silatraf€B-sil 12 and TMP-sil14 used
N-(3-dimethylamino propylN'-ethylcarbodiimide hydrochloride (EDCI) and 4-
dimethylaminopyridine (DMAP) as amide coupling reaty for the reaction
between the amine and carboxylic acid group. @®rathenium-based dye, the
ligand 2,2-bipyridyl-4,4-dicarboxylic acid reacted with the amine via ayl ac
chloride intermediate to produ&®. This molecule was then used as the final
ligand attachment to the ruthenium complex, witlhfthal step consisting of anion
metathesis from chloride to hexafluorophosphatleliyig Ru(bpy}-sil 16. The
ruthenium dye functionalized with carboxylic adiflwas synthesized using a
procedure similar to Sprintschnik et'3.

In later work, a comparison between siloxyl linka@nd the most
commonly used surface linker functional groupsboaylic acids and phosphonic
acids, was performed. Zn-tetra-tolyl porphyrinlagaes were synthesized
containing trang-vinyl linkers containing carboxylic acids, phospioacids, or
silatrane functional groups as shown in Figure Blie porphyrins are structurally

identical except for the functional group usedttach to a metal oxide surface.
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Figure 31. Porphyrin analogues with various serfatkers. See Chapter 6.3 for
synthetic details and characterization.

The silatrane porphyrib9 was synthesized using a Mizoroki-Heck reaction
between vinylsilatrané andp-brominated porphyrid8, and zinc was inserted to
produceZn-19. The phosphonic acid porphyrin was synthesizetyus multi-step
process starting with the formylation of tetra-tpbrphyrinusing the Vilsmeier-
Haack reaction procedure of Bonfantini et al. todoice porphyri-formyl-TTP
20.1%? Zinc was inserted, and a Horner-Wadsworth-Emmeastion was
performed with tetraethylmethylene diphosphonategusodium hydride base
following a modified procedure to produce the peted phosphonic acid®*%
The reaction resulted in a mixture of cis and tiaomers, with only the trans
isomer desired for the comparative study. Usedihe allowed for efficient
isomerization of the mixture to the trans porphysomerZn-21. The porphyrin
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was later deprotected by reaction with bromotrivisttane and subsequent
hydrolysis to give the desired phosphonic acid pgriip Zn-22. The carboxylic
acid porphyrir23 was obtained as the trans isomer and zinc inserggaduce the
desired carboxylic acid porphyrin analogire-23.
3.2.2. Carboxylic Acidsvs. AmidopropylsilatraneLinkers

Initial comparisons of the silatrane-functionalizedlecules TTP-sil2,
TMP-sil 14, and Ru(bpyasil 16 with similar carboxylic acid-functionalized
molecules TTP-COOH1, TMP-COOH13, and Ru(bpyy-COOH 17, were carried
out in a PEC setup using nanoporous Selectrodes. Soaking the electrodes in a
solution of silatrane porphyrin in toluene af@0r Ru(bpy)-sil in acetonitrile at
80°C produced an electrode with high visible lightaption. Sensitization of
electrodes with carboxylic acid porphyrins used/leticetate solutions and
Ru(bpy}-COOH used acetonitrile as solvent. Experimergtdits for electrode
preparation and sensitization are given in Chaafer Due to the location of the
structural differences between the two sets of dpeslight-absorption
characteristics for each pair of analogues araallgt identical, and only very small
shifting of the absorption peaks occurs when tlierabphore is bonded to the
SnQ electrode as seen in Figure 32. In solution threlpyrin shows a typical four
Q-bands in the visible region with moderate exiorctoefficients and a Soret with
strong intensity. The Q-bands for the two dyes T®APOH 13 and TMP-sil14
nearly overlay each other on the spectrum fronelbetrode, while the Soret is
skewed due to the high absorption and light scagjef the electrode. The
porphyrin absorbance on these two electrodes ibyrexgual, showing that the
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surface coverage is similar. The silatrane poipkyran therefore form a
monolayer on the surface similar to that of thdoaylic acid porphyrins, a
positive trait if silatranes are to be used as lemtasurface modifiers. Electrodes

sensitized with ruthenium-based dyes gave similziyparable electrodes.
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Figure 32. Absorbance spectra of TMPdiin 2-methyltetrahydrofuran solution
(solid), a Sn@electrode derivatized with TMP-4i#4 (dashed) and a SprO
electrode derivatized with TMP-COQR3 (dots). The solution spectrum Soret
band absorption is truncated to highlight the Qebaagion. Electrode spectra have
been corrected for scatter by subtraction of tleetsa of the underivatized
electrodes.

Initial PEC experimentation on nanoporous Féectrodes, where there is
minimal driving force for electron injection intbé semiconductor conduction
band, showed large discrepancies in photocurréwieles the carboxylate and

amidopropylsilatrane dyes suggesting electron iilgedssues (results not shown).

The dyes were then used to sensitize Srg@ause it is known that a larger driving
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force for electron injection from the photo-excitiges into the semiconductor

conduction band is present due to a more positweuction band electrochemical

potential, and therefore it would not be a majetdain the experiment¥: 1%

photoanode membrane cathode photoanode cathode
.
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Figure 33. PEC designs. Non-regenerative (leif)r@agenerative design (right)

Using sensitized Sn(lectrodes, two PEC designs were tested and
compared for each dye and set of dye analogues.ddsign and mechanism of
electron flow is shown in Figure 33. One was a-regenerative PEC design that
uses the biological molecule NADH as a sacrifieiactron donor to regenerate the
oxidized dye after electron injection into the seoniductor. The photoanode
chamber contained an aqueous buffered solutioraicamg 10-15 mM NADH, 250
mM N-tris(hydroxymethyl)methyl-2-aminoethane-sulfwacid (TES) and 100 mM
KCl electrolyte at pH ~7.35. The counter electrodihe cathode chamber was
composed of mercury (Hg) and mercurous sulfate$Eg) in a saturated aqueous
K,SO, solution. The HgSOW/Hg redox couple has a potential of 0.4 V vs. $EE
and is capable of accepting electrons from S@B (-0.24 V vs. SCE, pH 7}°

Mercurous sulfate converts to mercury metal adreles are shuttled to the
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electrode. The design allowed for continuous edectiow when irradiated with
visible light. The second PEC design was a staheayenerative dye-sensitized
solar cell (DSSC) using the/l" redox couple in an electrolyte containing 100 mM
Lil, 50 mM I, 650 mM 1-butyl-3-methylimidazolium iodide, and &M 4-tert-
butylpyridine in an 85:15 acetonitrile:valeronigrgolvent mixture. The reduced
form of the mediator regenerates at the platinZe® counter electrode and allows
for cyclic electron flow within the cell. For adidinal information on the PEC

design, testing, and analytical procedures ref@hapter 1 and Chapter 6.3.
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Figure 34. IPCE spectra for the non-regeneratof@ @nd regenerative (bottom)
PEC configurations. Photoanodes were sensitizéd WiP-sil12 (red), TMP-sil
14 (black), TTP-COOH.L1 (blue), TMP-COOHL3 (green), Ru(bpy)sil 16
(yellow), or Ru(bpy3-COOH 17 (orange).

Photocurrents at incremental excitation wavelengtie converted to the

incident photon to current efficiency (IPCE) forthhmon-regenerative and

regenerative PEC designs and the IPCE traces ansh Figure 34. As can be
68



seen, the IPCE spectrum of TMP-sil is similar t® éibsorbance spectrum of that
molecule shown in Figure 32.

Note that the dye Ru(bpyCOOH17 is not included in the non-
regenerative aqueous cell IPCE spectrum in FigdireCRie to its solubility in
water and the pH of the buffer, it was leached fthenelectrode before any PEC
experimentation could be initiated. The carboxyladnding to the surface from
the carboxylic acid porphyrins also could have biydgred, however the porphyrin

insolubility in water would have prevented leaching

Table 4. Internal quantum efficiencies of dyePEC

Sensitizer Internal Quantum Efficiency (IQE)
Non-regenerative cell Regenerative cell
TMP-sil (14) 0.86 0.59
TTP-sil (12) 0.87 0.78
Ru(bpy)-sil (16) 0.93 0.62
TMP-COOH (13) 0.26 0.46
TTP-COOH (11) 0.83 0.80
a

Ru(bpy}-COOH (17) 0.78
Values determined using IPCE and LHE values aptinphyrin Soret or
Ru(bpy} visible absorption peak.

#The Ru(bpy-COOH desorbs from the electrode under the expetahe
conditions, precluding accurate determination.
® The relative error limits on the IQE values #te5%.

Using the absorption characteristics of the semeslitelectrodes, the internal
guantum efficiencies (IQE) were determined usingdfign 6 and are shown in
Table 4. The IQE takes into account the amoudiefand the ability of each dye
to absorb a photon, giving the percentage chamateith absorbed photon gives
rise to an observed electron of photocurrent. Idtver extinction coefficients of

the ruthenium-based dyes produced electrodes Wativexr overall absorbance,
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giving lower IPCE values than the porphyrin eledgé® but the IQE values are
similar.

The IPCE spectra and IQE values show a numbeedisrand correlations.
Overall the porphyrins and ruthenium compounds gaasonable IQE values over
0.5 with some approaching the theoretical limil pivith the TMP-COOHL3 dye
as an outlier. The IQE values in the non-regeiver&EC are also generally higher
than those of the regenerative PEC, with TMP-CQQtdgain being the outlier.
This result was expected due to the removal of jamn@combination pathway. As
a sacrificial donor to the oxidized porphyrin, NARIddergoes degradation
processes after losing an electron and its redasackeristics are therefore
chemically irreversible in this experimental desigriThe charge recombination
from the semiconductor conduction band to the aeridiredox mediator does not
occur due to its degradation and thus one wouléaxpll processes being equal,
that there would be a direct increase in the IQEHe non-regenerative PEC over
the regenerative type. Of course all the procemsenot equal; each varying
between the dyes for any number of reasons.

The difference in PEC performance for the TTP-baed11 and12 and
their TMP-based analogu&8 and14 is intriguing. Due to their similar
photophysical and electrochemical properties, omegladvexpect all the dyes to give
equal IQE. However, the TTP-based dye analoguesdngual or greater IQE
values in each PEC design than the TMP-based dyexidition, the silatrane-

based dyes have equal or greater IQE values tearctdrboxylic acid analogues.
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It was hypothesized that a structural differende/ben the molecules could be

altering their properties and affecting the PEQ@ificy.
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Figure 35. Transient absorption studigésansient absorption data generated upon
laser flash photolysis (515 nm, ~5 ns pulse) of Spd@dphyrin electrodes in borate
buffer (pH = 7.35). Transient absorption specbtamed 500 ns after excitation

for (a) TMP-COOHL3 (e) and TMP-sill4 (o) and (d) TTP-COOH. (e) and
TTP-sil12 (o). Decay profiles at 680 nm for (b) TMP-COQB (black) and

TMP-sil 14 (red) and (e) TTP-COOHL (black) and TTP-sil2 (red). Lifetime
distributions for exponential decay componentsarppyrin radical cation
absorbance at 630 nm for (c) TMP-COQ)((solid black line) and TMP-silLé)
(dashed red line) and (f) TTP-COOHLJ (solid black line) and TTP-silp)

(dashed red line).

One of the processes that could limit the PECiefies is recombination
of the injected electrons in the semiconductor cetidn band with the oxidized
dye prior to regeneration of the neutral porphimrthe reduced redox species in

the electrolyte. In collaboration with Dr. Amy Kstiead, transient absorption

71



studies of sensitized Sa@lectrodes were performed in an inert aqueouddora
buffer at pH 7.38°% Upon excitation of the dye on the electrode, tedecinjection
occurred from the dye to the semiconductor, andekelting porphyrin radical
cation was studied by its absorbance. The restittss study are shown in Figure
35 with experimental details contained in Chapt8r @he transient spectra of the
TMP and TTP-based sensitizers shown in Figure B8&8&d, respectively, are
similar to each other and typical for a tetra-aoyfhyrin radical cation specié¥.
This suggests that there are similar electronipgmtees between the carboxylate-
and siloxyl surface-linked porphyrin radical cason

However, the distance between the surface andottpdyrin macrocycle is
different for the two linker systems. The decafythe porphyrin radical cation,
presumably via recombination from the surface &dye, are shown in Figure 35b
and 35e. They reveal that the overall decay psosesower in the siloxyl surface-
linked dyes and that it has multiple componentaalgsis by the exponential series
method (ESM) allowed for a more quantitative arialgé the datd® % Figure
35c and 35f show the relative amplitudes of theg@omponents between 100 ns
and 1 ms on a logarithmic scale for TMP-based dyelsT TP-based dyes,
respectively. While the component clusters betwiegsn and ~50Qis vary to a
small degree, there is a large difference betweecarboxylate- and siloxyl
surface-linked dyes on the shorter and longer tiales. Specifically, the siloxyl-
linked dyes have a significantly lower degree @rge recombination than the
carboxylate dyes in the 100-500 ns time frame,thed have an additional long

component that extends past 1 ms. These redudisditatively with electron
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transfer theory which states that the rate of edadransfer (k) decreases
exponentially with distance according to Equatiartt™® This occurs both for
photo-excited charge injection and recombinati@tesses with porphyrin as the

donor and the semiconductor as acceptor.

k =k, exd~ S(R-R,)] (eq. 11)

Where k is the rate when the electron donor and acceptaaitavan der Waals distancg Ris a
scaler, and R is the donor-acceptor distance.

The transient spectroscopy results, along witH@tevalues for the dyes,
provide evidence for a number of hypotheses. ,Rhsthigh IQE values for the
siloxyl surface-linked dyes in the non-regeneraB#C, where the distance
dependence should slow down electron injection @vetpto the shorter surface-
linker of the carboxylate dyes, suggests thatrib#iciencies lie elsewhere in the
system. Secondly, the porphyrin siloxyl surfacédid dyes have slower
semiconductor-to-porphyrin recombination, allowmgre time for the redox
molecule to reduce the porphyrin radical catiotheoground state. Thirdly, the
differences in IQE values between the TMP- and BaBed dyes are not based on
a difference in the lifetime of the porphyrin raalication. It is possible that the
ortho methyl groups of the mesityl groups on thePFivased dyes provide steric
hindrance for the redox molecule from the PEC sdgde to transfer an electron to
the oxidized porphyrin. If so, it would be accextd, as it is, in the non-
regenerative cell because of the bulkiness of ldwren donor NADH molecule as

shown in Figure 36.
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Figure 36. NADH structure

The comparisons with the ruthenium-based dyesdligjime a complete
picture due to the inability of Ru(bpy®tOOH 17 to stay bonded to the surface of
the electrode in aqueous buffer. However, thetfattRu(bpyy-sil 16 both stays
on the electrode and works with high efficiencytia non-regenerative PEC (IQE
0.93) demonstrates that silatranes can have usgblitations with water-soluble
dyes. Most water-soluble dyes currently availalalenot be used as
photosensitizers due to their unstable connectmnsetal oxides in neutral to basic
pH aqueous solutions. The differences in efficydnetween Ru(bpy)sil 16 and
Ru(bpy}-COOH17 in the regenerative PEC, where the carboxylic analogue
had a much higher IQE (0.78 vs. 0.62), are diffitmlexplain without a more
detailed study.

Overall, the comparison of dyes gave a numbeontlasions. The
analysis of the IQE values in Table 4 show that-B&Bed dyes work more
efficiently than the TMP-based analogues in PE@,tha transient absorption
studies suggest that this trend isn’t due to @idifice in rates of recombination.
The transient absorption study also confirms, ftoenincreased porphyrin radical
cation lifetime, that an increased distance froengiwface to the dye in the siloxyl-

linked porphyrins slows down recombination from sleeniconductor to the
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oxidized porphyrin. This is likely the reason tbe increased IQE values for the
siloxyl surface-linked porphyrins over the carbaxycid analogues. Finally, it
was shown that Ru(bpylCOOH 17 desorbed from the surface into the buffer
solution while Ru(bpy}sil 16 was stable, providing a new route to using water-
soluble dyes on metal oxide electrodes in aquealuians by functionalizing them
with silatrane moieties.

3.2.3. Porphyrin Dyeswith Different Surface Linkers

In the above study, a direct comparison of thieelia was not possible due
to surface-to-dye distance and structural varigtdietween the linker moieties. A
more ideal comparison would be one among dyesamityhthe surface linker
functional group as the structural difference. that reason, Zn-tetra-tolyl-
porphyrin-based dyes were synthesized containingtifonalizedrans--vinyl
substituents with silatrar#n-19, phosphonic acidn-22, or carboxylic aci&n-

23.

The porphyrins were studied using a variety ohyital techniques to
determine their relevant properties, and thenddste regenerative PEC design on
TiO, electrodes to determine their performance diffeeen Finally, the stability of
the porphyrins on the electrodes was determineattbynpting to leach off the dyes
under alkaline conditions.

The porphyrin absorbance, fluorescence, and eldatmical properties
were examined and compared. Due to issues tisatfaoim coordination of the
porphyrinic zinc to the carboxylate and phosphopatphyrins, the esterified
molecules were used for experimentations in salutido significant differences
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are expected for the esterified porphyrins oveptphyrins used to sensitize the

electrodes.
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Figure 37. Absorbance spectra of porphyrins. ZR-COOMeZn-24 (black),
Zn-TTP-diethyl phosphonatn-21 (red), and Zn-TTP-siZn-19 (blue).
Experiments performed in dichloromethane solvedtraasrmalized at the Soret
band. Inset shows a comparison of the Q-bandmegio

The UV-Vis absorbance profiles shown in Figure @ggest that the
porphyrins have generally similar features. Oniganshifts and discrepancies are
observed between them. Zn-TTP-COOEK#fe24 has the most red-absorbing
bands at 433 nm for the Soret, and 557 and 59&nthé Q-bands. The Zn-TTP-
diethyl phosphonat&n-21 absorptions are slightly shifted to the blue &,456,
and 596 nm, while Zn-TTP-slln-19 has the most blue-shifted bands at 427, 554,

and 590 nm. The fluorescence of the porphyririGgare 38 affirms that the

porphyrins have similar spectroscopic properties.
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Figure 38. Fluorescence spectra of porphyrins.TZR-COOMeZn-24 (black),
Zn-TTP-diethyl phosphonat#n-21 (red), and Zn-TTP-siZn-19 (blue).
Experiment performed in dichloromethane solventcitation of the porphyrin at

wavelengths with absorbance values ~0.05.

Table 5. Electrochemistry of porphyrins

Electrochemistry

Porphyrin (V vs. SCE)
on:l Ered i
Zn-TTP-COOMe (Zn-24) 0.83 -1.23
Zn-TTP-diethyl phosphonate (Zn-21) 0.73 -1.26
Zn-TTP-sil (Zn-19) 0.75 -1.37

Electrochemistry performed in dichloromethane coirtg
100 mM TBAPFK electrolyte with ferrocene as internal reference.

The electrochemical properties were also examinddage shown in Table
5. The oxidation potential is the most importastthe oxidized porphyrin is the
active species in the PEC after electron injectiGomparing the porphyrins, the
range in oxidation and reduction potential differemare >100 mV. Because the
porphyrins were examined in a regenerative PEC thél / I” redox couple, the
differences in oxidation potential are negligiblehe experimental design. For all

three porphyrins, a significant driving force esigir the porphyrin radical cation
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to oxidize iodide (at 0.02 V vs. SCEY},and thus the differences in porphyrin
oxidation potentials are small relative to the ithgvforce for the reaction with. |
From the porphyrin oxidation and excited singtetesenergy values, the
singlet excited-state redox potentials can be tated using Equation 1 described
in Chapter 1.1.The values for Zn-TTP-COOMeén-24, Zn-TTP-diethyl
phosphonat&n-21, and Zn-TTP-siZn-19 are -1.20, -1.31, and -1.32 V vs. SCE
respectively.With the conduction band of Tieginning at ~ -0.90 V vs. SCE,
there is ample driving force for electron injectioom the singlet excited-state.
Overall, the porphyrin properties suggest that steyuld act similarly in a PEC

unless the surface connection plays a role.
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Figure 39. Absorbance spectra of porphyrins onp, TAD-TTP-COOHZN-23
(black), Zn-TTP-P@H, Zn-22 (red), and Zn-TTP-sin-19 (blue). Spectra of the
bare TiQ electrodes were subtracted from the sensitizedretles. The Soret was
truncated to highlight the Q-band region.

Nanoporous Ti@semiconductive electrodes were sensitized with ZR-T

COOHZn-23, Zn-TTP-PQH, Zn-22, or Zn-TTP-silZn-19 by soaking in ~0.2
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mM porphyrin solutions in toluene at®@for 1 h. Details are provided in Chapter
6.3. Typical spectra for the porphyrin sensitzerthe TiQ electrodes are shown
in Figure 39. The spectra of the porphyrins onelleetrode are similar to those in
solution, with slight red-shifting of the peakss gan be seen in Figure 39, the high
surface area of the electrodes allows for high ifagswe values. Virtually all the
light is absorbed surrounding the Soret wavelengith, significant absorbance
throughout the visible spectrum.

What also can be seen in Figure 39 is a discreparatysorbance between
electrodes with Zn-TTP-COOHN-23 and those with either Zn-TTP-Bi@y Zn-22
or Zn-TTP-silZn-19, with the carboxylate surface-linked porphyrin ingwnearly
double the absorbance values. This reproducilflereince on TiQ electrodes of
similar thicknesses and surface areas demonsthatiethere are differences among
the surface coverages of those porphyrins. Dtigetgimilarity of the molecules,
the most logical explanation for such a differemoeild involve the surface
linkage. In the case of the carboxylate connestitirere is a maximum of two
surface bonds per molecule, while the phosphoaatdsiloxyl-linked dyes can
have up to three bonds. If three bonds are usedurface might be able to
accommodate fewer dyes on the surface than if tiflace bonds form. However,
that assumes that the surface binding sites attnignhe amount of dye coverage.
For these porphyrins, the macrocycle and aromalistgéuents make the molecule
large and bulky, with the surface linkage coveanglatively small area in relation

to the rest of the molecule. In addition, studiage shown that carboxylic acids
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generally bind to TiQusing the bi-dentate linkage, while phosphonicseid

§7—78, 85, 112-115

silanes generally prefer bi-dentate over tri-denliakage

To, | | )

Figure 40. Surface bonding hypothesis. Genepaésentations of the proposed
most common surface bonding schemes for the dy@TPAaCOOHZn-23 (left),
Zn-TTP-PQH; Zn-22, and Zn-TTP-siZn-19 on TiG, electrodes.

It cannot be assumed that the porphyrins lie notantile surface of the
semiconductor after bonding. The dyes are relgtiigid molecules, and cannot
contort to pack into an ideal monolayer. Each typsurface connection for the
linker functional groups has a stereochemistry tiast be maintained. Referring
back to the bonding types of the carboxylic agut&sphonic acids, and silanes in
Figure 24, Figure 25, and Figure 26, respectivahg can see a similarity between
the phosphonate and silane linkers compared tcaiti®xylate. The carboxylate
bi-dentate connection uses a bridging carbon shef hybridized, allowing a rigid
molecule to extend normal to the plane of the sendactor surface. This would
allow for the least steric hindrance and thus tieatgst potential for an efficiently
packed porphyrin monolayer. The phosphonic aaitiséliane, on the other hand,

are tetrahedral in nature, making tri-dentate cotioe the only linkage where the
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rigid porphyrin would be normal to the semicondugtiane. The proposed surface
linkages are represented in Figure 40. In theebiate phosphonate and siloxyl
connections, the porphyrin would be angled to thase, creating a surface steric
barrier for space-limited porphyrin monolayer fotioa. If the phosphonic acid
and silatrane porphyrins are bonding to the sunfisagg similar geometry, one
would expect a similar concentration of dye onghdace such as was observed.
However, additional analyses such as IR spectrgseopld be needed to verify
how the dyes are linking to the surfagg’-"® 112-113, 116120

An additional hypothesis is that for the carboxgldhe surface binding

reactions are reversible processes and that thelayam is formed from a series of

binding and un-binding events, culminating in thee&rved surface concentration.
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Figure 41. IPCE of porphyrins comparing surfankdge. Zn-TTP-COOHnNn-23
(black), Zn-TTP-P@H, Zn-22 (red), and Zn-TTP-siZn-19 (blue) on TiQ
electrodes. Electrolyte consisted of 100 mM L@,/BM I, 650 mM 1-butyl-3-
methylimidazolium iodide, and 50 mMtért-butylpyridine in a 85:15

acetonitrile:valeronitrile solvent mixture.
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The dye-sensitized Tielectrodes were used to prepare regenerative
DSSC-type PECs as described in Chapter 6.3. TRepg@EHormance for each dye
on TiO; electrodes are revealed in the IPCE spectra ur&ijl. The IPCE spectra
generally match the absorbance spectra, with theghtonate and silatrane having
similar values to each other but lower values tharcarboxylate. This difference
appears to be related to the amount of dye onuttfiece, suggesting that the
photocurrent is related to the dye surface coveratgavever, the IQE values are
not consistent across the wavelength spectrumalFire dyes, the LHE around
the Soret wavelength is nearly unity, and thughalllight around these wavelengths
is absorbed. Additional dye would not have anctfta this value because the
light would be absorbed before penetrating theeetectrode. Due to the LHE
around unity at the Soret wavelength, the IPCEevalithat wavelength should
equate to the IQE according to Equation 6. The V@Ee at the Soret wavelength
for Zn-TTP-COOHZN-23 is 0.60 while those of the phosphonate and silatra
analogues are 0.35 and 0.34, respectively. Inifhigle region, the IQE values
obtained from Equation 6 using the LHE and IPCtatporphyrin Q-band (~580
nm) gives lower numbers of 0.19 for carboxylaté«ich and 0.11 for phosphonate
and siloxyl-linked porphyrins. The reproducibleigace could be an effect of light
scattering within the electrode or could be a paseffect of increased
concentration of surface-linked carboxylic acidggrin compared to the other
dyes. With increased porphyrin concentration #adhination of the electrode
through the Ti@film comes two advantages. One is that theresis €xposed TiO
surface area where recombination between electirmh¢éhe 4§ can occur. The
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second is that due to the relatively high extincgoefficient of the porphyrin
Soret, more light is absorbed by porphyrins clég¢ne conductive FTO electrode
and thus injected electrons have a decreased ckstantravel by charge migration
through the TiQconduction band. More experiments varying surface

concentration and TigZxhickness would be needed to verify the discrepanc
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Figure 42. Current-voltage curve. Zn-TTP-CO®h23 (squares), Zn-TTP-
POsH, Zn-22 (circles), and Zn-TTP-sin-19 (triangles) on TiQelectrodes. Filled
shapes are results under simulated AM1.5G illurignaat 1000 W/rhand hollow
shapes are results in the dark. Electrolyte ctatsisf 100 mM Lil, 50 mM 4, 650
mM 1-butyl-3-methylimidazolium iodide, and 50 mMét-butylpyridine in a

85:15 acetonitrile:valeronitrile solvent mixture.

Overall, the evidence demonstrates that similas ayith different surface
linkers have photocurrents that correspond totihiace concentration of dye, and
that the silatrane and phosphonic acid analogu#srpenearly identically in the
regenerative PEC. This was confirmed when thdrelées were tested under

simulated AM1.5G sunlight as shown in Figure 4fuminated and under
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electrical load, the PECs gave slowly decreasimgentias the applied voltage
increased until near the,y Under forward bias, where the applied voltage
promotes photocurrent flow, there was little tochange in the photocurrent,
suggesting that it does not affect the internatiefiicy of the system. In the dark,
the current-voltage data were typical for an n-typmiconductor. The results of
the PEC current-voltage measurements are in Tabldé carboxylic acid dye
shows & ~2.49 mA/cr while the phosphonic acid and silatrane analogieze
1.11 and 1.10 mA/cfirespectively. The Y was fairly consistent, as expected, at
444 mV for the carboxylate surface-linked, 426 no¥the phosphonate-linked,
and 423 mV for the siloxyl-linked analogues. Wsthilar fill factors, the
efficiencies of the dyes on Ti@nder AM1.5G simulated sunlight are consistent
with the differences in the observed photocurnenhe IPCE spectra. Overall, the
efficiency ) of the PEC is quite low in comparison to publisidata®® However
no attempts were made to produce the most effis@at cell, only to provide a

good comparison with reproducible data using a EMREC design.

Table 6. Current-voltage analysis

Porphyrin 4 Voo FF M
mA/lcnf  mV %
Zn-TTP-COOH (Zn-23) 2.49 444 052 0.57
Zn-TTP-PQH, (Zn-22) 111 426 053 025
Zn-TTP-sil (Zn-19) 110 423 053 0.25

lllumination under 1000 W/frsimulated AM1.5G sunlight. Electrolyte consisted
of 100 mM Lil, 50 mM , 650 mM 1-butyl-3-methyl imidazolium iodide, an@d 5
mM 4-+ert-butylpyridine in a 85:15 acetonitrile:valeronirisolvent mixture.

The dyes appear to be generally equal in theiraresfficiencies in the
regenerative PEC setup, with the carboxylic acighpgrin having higher
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photocurrent due to effects of the increased cdratgin of dye on the surface.
The combined results suggest that all other aspedtso the PEC efficiencies such
as electron injection, recombination rates, aniidihces in dye oxidation
potentials do not appear to have a strong influesiog thus the similar dyes were
good models for comparison. More extensive expaEmsiwould be needed to
verify such arguments.
3.2.4. Leaching Study

The stabilities of carboxylic acid, phosphonic aadd silatrane derivatives
bonded to TiQ@electrodes were studied in alkaline conditionscdise Zn-TTP-
COOHZn-23, Zn-TTP-PQH, Zn-22, and Zn-TTP-siZn-19 are not water soluble,
the general stability of the porphyrin dyes wasesi@# a mixed organic/aqueous
solvent system. Ti@electrodes were sensitized by soaking in ~0.2 roldlpyrin
solutions in toluene at 80 for 1 h, and rinsed with toluene and acetonitriféey
were then soaked for 20 minutes in a solution a¢oimia THF, methanol, and an
agueous basic solution containing 0.5%CT3% (w/w) in a ratio 10:5:2, and then
rinsed. See Chapter 6.3 for experimental detditee porphyrins are soluble in the
solvent mixture and so could desorb from the serfddV-Visible spectroscopy
was used to determine the amount of porphyrinatillhe surface after the

experiment.
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Figure 43. Porphyrin leaching. Zn-TTP-CO@Q@H-23 (a), Zn-TTP-PGH, Zn-22
(b), and Zn-TTP-siZn-19 (c). Absorbance spectra of bare T{Black), sensitized
electrode (red), and electrode after leaching (Qre&he Soret was truncated to
highlight the Q-band region.

After leaching, a noticeable decrease in the thgerpance on the electrode
was observed as shown in Figure 43, corresponditigetdecrease in surface
concentration of dye. Slight shifting of the spaaiccurred, likely due to a change
in the solvent system the porphyrins were expaséortadsorption and leaching.

The carboxylate-linked dye completely desorbed eMhie phosphonate-linked dye

mostly desorbed and the siloxyl-linked analoguedex to a lesser extent. No
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porphyrin was completely stable under the expertat@onditions, but the results

show a stability trend of siloxyl > phosphonatearboxylate.
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Figure 44. Porphyrin leaching after curing. ZnPFCOOHZnN-23 (a), Zn-TTP-
PGOsH, Zn-22 (b), and Zn-TTP-siZn-19 (c). Absorbance spectra of bare TiO
(black), sensitized electrode before (red) and @flee) curing, and electrode after
leaching (green). The Soret was truncated to igighthe Q-band region.

In a second set of leaching studies, the;El@ctrodes were sensitized with
the porphyrins using same method as the initiahiegy study, and then they were
‘cured’ by heating for 1 h in an acetonitrile sauatcontaining 0.6% water at 0.

The results of that study are shown in Figure H4vas hypothesized that the
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deprotection reaction of the silatrane dye on i@ Surface only required a single
bond to form in order for the dye to stay on théame. However, the maximum
number of bonds was desired. During the curinggss, the silatrane porphyrin
could further react with the surface in a porphyree solvent and allow the polar
triethanolamine byproduct to dissolve away fromeleetrode. The carboxylate
and phosphonate analogues do not have the sareengbludeprotection, but could
theoretically change their surface bonding systethe different solvent.

The results of the study provide good evidencettieturing process
affects the surface linkage. In the case of Zn-CIFOHZn-23, the linker
stability was so low that the porphyrin mostly dbsal into the curing solution.
After leaching, the carboxylate-linked dye was @tffeely removed from the
surface. In the case of the phosphonate- andysiioked analogues, the linkages
were relatively stable during the curing procekswang only minor differences in
porphyrin absorbance. Slight shifting in absorlegoeaks after curing is likely due
to the differences in porphyrin solvent exposureitaethe spectra were obtained.
After leaching, a larger proportion of phosphoreatd silatrane porphyrins was still
on the electrode compared to the uncured sampisnearly half of the siloxyl-
linked porphyrin still on the surface under theshdeaching conditions. The
results echo the initial leaching study in the acefstability trends, but suggest that
curing allows for stronger surface interactionss likely that a larger percentage
of surface-linked dyes transitioned to a multi-éémtconnection type. More

experiments and analyses would need to be perfotongetermine the best
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experimental conditions for curing the electrodes the reasoning for their
increased stability.

The leaching studies along with the PEC testirmgvsimat siloxyl-linkages
have increased stability over the phosphonatediekaand equal PEC
performance, making it a better candidate for serfankages where high stability

IS necessary.
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4. FUSED PORPHYRIN DIMERS
4.1. Introduction

Dramatic alteration of porphyrin properties carabeomplished fairly
readily. This is due in part to the extensiveasetynthetic schemes made available
over the years. Many of these capitalize on tbenatic nature of the macrocycle
and also the exchange of metal and non-metal dtoonsd to the inner pyrrole
nitrogens. Methods to expand the aromatic ringnafbr extension of light
absorption from the typical UV-Visible region towlarthe infrared, leading to new

properties and applications-2*

Figure 45. Porphyrin dimer species. Meso-mesoected (top left), mesp-
connected (top right), meso-mgs@ triply connected (bottom left), and meo-
doubly connected (bottom right) porphyrin dimefée identity of M and M can
be a range of metal and non-metal atoms.

Porphyrin dimer species with the general strustgstewn in Figure 45
were only recently brought into the porphyrin maieasm literature by Osuka and

co-workers® 12126 The singly connected porphyrins are orthogoesiming the

general properties of the monomer porphyrin speditsvever, mes@-doubly
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connected and meso-me&@ triply connected porphyrin dimers have their
aromatic rings fused. With the fusion comes a dtanshift in the optical
absorption properties towards the near-infrare®R{Nith the triply connected

dimer absorbing further into the NIR region thaa tloubly connected. The

Figure 46. Oxidative synthesis of porphyrin dimeké can be a range of metal and

electrochemical properties also change dramaticaft§’
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non-metal atoms. Generally ZnCu*, Ni**, Pd* are used. X is the number of
protons produced, with two for each coupling reacto form a new porphyrin-
porphyrin bond. [O] denotes oxidation, the remaiatlectrons from the
porphyrin.

Via the oxidative synthesis shown in Figure 46 ppgrins with
unsubstituted meso and surroundingpsitions can dimerize upon formation of the
porphyrin radical cation, with the products depagdin the porphyrin structure
and the equivalents of oxidant used. Porphyrirts tMo unsubstituted meso
positions are able to polymerize, and were th&lriicus of research by Osuka.
Long chains of meso-meso connected porphyrins sygrthesized and tediously

purified for analysi$?® These meso-meso connected porphyrins were lateta
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be further reacted using similar synthetic techesjo the triply connected fused
porphyrin analoguet?

Synthetic techniques for the oxidative reactiaiude the use of
electrochemical methods or using one-electron atedrokidizers.
Electrochemical synthesis is an inefficient mettmgroduce a bulk product, but
the reaction can be controlled using specific edetiemical potentials. This is an
optimal method when a reactant has multiple redeghanisms or when
electrochemical studies are desired. For bulkrmeelsemical reactions, a solution
containing an inert electrolyte and the reactanplpgrin is used in a typical three-
electrode electrochemical setup. At potentialsrevie porphyrin is oxidized, the
radical cation porphyrin species react and dimer@enerally, high surface-area
working and counter electrodes are employed todsfieeprocess.

While electrochemical techniques provide a routelatively controlled
reactions, the most efficient way to produce a lputiduct is with a chemical
oxidative synthesis. These methods have beenfaiseglidative polymerizations
of aniline, pyrrole, thiophene, and many othiéPsHowever, the reactivity of
porphyrins is such that many oxidizers have sidetrens beyond removing
electrons’® '3 In addition, porphyrins have multiple oxidationsth the first
appearing to be the only one required for the diidalimerization reaction.

A range of one-electron chemical oxidizers hawnldested in the
porphyrin fusion reactions. All are capable ofdizing the porphyrin to promote
the reaction, but their cost, stability, and terayelior side-reactions vary
considerably. Silver(l) salts such as AgRaFe strong oxidizers in solvents such as
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chloroform, and were initially the most commonled®xidants to form meso-
meso connected porphyritfs: 132 Tris(4-bromophenyl)aminium
hexachloroantimonate (BAHA) was initially used toguce the doubly and triply
connected porphyrin dimers, but halogenated siddemts occurred to a significant
degree® %® The meso anfl positions are reactive to nucleophilic attack when
oxidized, and thus inert ions must be used. BAldAtains bromine and chlorine
atoms which are the likely sources of contaminationng the reaction. When
AgNO, was used, oxidation of the porphyrin followed bgsm substitution by
NO, yielded a meso-NEporphyrin in high yield?® Mixtures of the strongly
oxidizing AuCk in conjunction with AgOTTf also produced fused gonmn dimer
products, but without the silver additive there w@mificant chlorination of
products:®! Currently, the most commonly used chemical oiddatethod to
produce doubly and triply connected porphyrinsmsiéure of the moderately
oxidizing 2,3-dichloro-5,6-dicyano-1,4-benzoquing®B®Q) with scandium(lil)
salts'** The scandium ion coordinates DDQ, forming a nstrengly oxidizing
species capable of oxidizing most porphyrins.

Using a singly meso-unsubstituted porphyrin atesdcporphyrin dimers
are the main products of the oxidative reactiorheWmultiple equivalents of
oxidant are used, doubly and triply connected pgipk prevail. However, the
choice of metal or non-metal atom in the porphymercrocycle has a major impact
on the ratio of doubly and triply connected por}ixtnyﬁmers?& 133 Irrespective of
the above oxidants used, zinc porphyrins tendddyme a majority of triply
connected porphyrins when multiple equivalentsugesl. Copper porphyrins tend
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to give mixtures of doubly and triply connectedgiorrins. Nickel and palladium
porphyrins tend to give a majority of doubly cortieelcproducts.

Porphyrins with inserted metals are always useth®oxidative synthesis
for a few reasons beyond those described abovst is-that many of the reactions
use metal ions with labile ligands as the oxid{zer Ag’, Au**, S¢"), making
these ions capable of insertion into the macrocgietecomplicating the reaction.
Also, acidic protons capable of fully protonatiig inner pyrrole nitrogens are a
co-product of the reaction, with protonated porpig/generally being unreactive.
Metalation decreases this chance of protonatidier e reaction, some of the
metals are capable of being removed to form trebfise porphyrin products,
allowing for different metals to be inserted. Bdilum is generally hard to remove,
followed by nickel, then copper, with zinc the masadily removed of the metals
shown in Figure 48"

An interesting and relatively unexplored detaitteé doubly and triply
connected fused dimer porphyrins is their abilithave two different metal or non-
metal atoms in a single aromatic macrocycle. Fandtco-workers showed this
was possible, providing some electrochemical arnidalproperties of the mixed-
metal specie¥’

Currently, the photophysical properties of doudohg triply connected
porphyrins limit applications based on their ogtma@perties. Although they
absorb a large amount of visible and NIR lightytbadergo non-radiative
relaxation in an uncharacteristically fast ratahveixcited-state lifetimes of less
than 20 picosecond$*** This suggests an efficient excited-state relarati
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mechanism. A few hypotheses were unveiféd® *’ No conclusive evidence of
any mechanism has been established to date, hotisaesults suggest it is a
consequence of an accessible pathway from thgc8ed-state to they§round-
state. If a mechanism is determined and structinahges allow the relaxation rate
to decrease, the subsequent increase in excitiedi#time of these types of
molecules would open up new frontiers for theirliagions.
4.2. Resultsand Discussion
4.2.1. Synthesis

Many of the commonly used chemical oxidants dbsdrearlier require
tedious anhydrous reaction conditions, darknesipanse expensive metals.
However, the relatively inexpensive and stablesitam metal ion C# becomes a
strong oxidizer in certain environmeiitsFor example, the electrochemical
potential for the Cti/Cu’ redox process of Cu(Ci{ in 1-propanol is 0.39 V vs.
SCE, making Cti a weak oxidant® However, in acetonitrile Cu(CK has a
published value of 0.95 V vs. SCE, and in nitroragthit is 1.01 V vs. SCE
(converted from ferrocene reference to SCE by ap@ig6 V)** 1*814° These
values vary with the counterion or electrolytehe *syster’rjl.38 Water has an effect
on the oxidizing ability of the Ciisalts, making the oxidation potentials more
negative (weaker oxidizer) due to ligation with tieked copper ion. Trace
amounts of water (10 mM), common even in some higiiity solvents, affect these
potentials. Published values for oxidation potdsatwill likely include this variable
to a degred” 14! Projected values for GUCu' electrochemistry in anhydrous
nitromethane solvent and with perchlorate countesie@ 1.05 V vs. SCE! Even
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with trace amounts of water, the Cvedox potentials in acetonitrile and
nitromethane are generally capable of oxidizingdewariety of porphyrins, and
thus capable of promoting the porphyrin-porphyonming reactions. Indeed,
Cu(CIlQy); in acetonitrile has previously been used to ogigiarphyrins®

A general synthetic scheme was used with partiityrated Cu(CIg), or
Cu(BR,); as a source of & and with acetonitrile or nitromethane solvent to
produce the strongly oxidizing conditions. Pregioesearch has shown that it is
possible to use amounts of a non-coordinating amlogdsolvent and maintain a
strongly oxidizing environmenf. However, co-solvents were not used due to the
acceptable solubility of the porphyrins during thaction. Doubly and triply
connected fused porphyrin dimers were the desirediugts, so 3-3.6 porphyrin
equivalents of Ctf was used to produce fully-fused porphyrin dimergimizing
all singly connected porphyrin dimer intermediatEsperimental details for all

reactions are contained in Chapter 6.4.
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Figure 47. Fused porphyrin dimers. Source df @as Cu(CIQ), or Cu(BR)..

Product mixtures were dependent on reaction camditand porphyrin metalation

(M). Experimental details are contained in Chafptér

Figure 47 shows the general reaction scheme, \aitiyst mixtures
containing both doubly and triply connected porpihgimers for all experimental
conditions with acetonitrile solvent. However,ngsnitromethane solvent with
Cu-25, the doubly connected porphyi@u-27 was obtained as the sole product.
After completion of the reaction, the porphyrin gots were in their oxidized
form. The reactions were quenched using aquedasgom ferrocyanide as a
weak one-electron reductant, putting the porphyratecule into its stable, neutral
form.

Purification of product mixtures containing bothutdy and triply
connected porphyrins was difficult. Due to solipissues and similar:Ralues,
all fused dimers containing the same metal iorf{GuZzrf*) could rarely be
purified from the crude reaction products. Exjphgjta tendency for the triply

connected porphyrins to have increased bindinggtineto its metal ions compared
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to the doubly connected porphyrins, it was possibkelectively demetalate the
doubly connected porphyrin dimer from a mixtureéCoftriply and Cu-doubly
connected products. Using a mixture of chlorofamfiyoroacetic acid, and
sulfuric acid, Cu-doubly connected products weraetalated with minimal
demetalation of the Cu-triply connected analoglieis provided increased
separation of products in column chromatographyesas# of purification.
Selective demetalation of product mixtures contgjrainc porphyrins was not
possible using a variety of weak acids.

Cu-25 was prepared frorh by reacting with trifluoroacetic anhydride and
subsequent insertion of Euwith experimental procedures described in Chapter
6.4. The above oxidative reaction procedure @itii25 using Cu(CIlQ),*6H,0 in
acetonitrile yieldedCu-26 andH,-27 at 29% and 34%, respectively. A similar
reaction withCu-28 yieldedCu-29 andH,-30 at 31% and 47%, respectively.
Switching to nitromethane solvent and Cu{Bf6H,0O, Cu-25 yielded only doubly
connectedCu-27 as the sole product which was easily isolateB%4 gield
without need for demetalation and column chromaipoigy.

Zn-28 underwent a reaction with Cu(GJ@6H.0 in acetonitrile to form a
mixture containing mostly triply connect&a-29. However, there were increased
difficulties with purification stemming from an ibgity to selectively demetalate
the products as with the previous reactions wigh@l-porphyrins. The Zn-
products were fully demetalated for purificatioat bnly the triply connecteld -

29 was obtained in pure form at a rather low 36%xdyiel
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Metalation of doubly and triply connected fusedbrase porphyrin dimers
was performed by conversionldg-27 to Zn-27, H,-27 to Cu-27, H>-29 to Zn-29,
andH,-30 to Zn-30 with different reaction procedures. Metalatiordotibly
connected,-27 andH,-30 with either zinc(ll) acetate or copper(ll) acetaseng
the method discussed in Chapter 6.1 was facilerardh like a standard tetra-aryl
type porphyrin, giving a quantitative yield of ptad from an overnight reaction.
Metalation of triply connecteH »-29 to the di-zinc product was more difficult,
requiring long-term heating to promote the reacpast the mono-zinc product.
Column chromatography provided a purified prodaoatnly 62% vyield. It is
possible that mixed-metal triply connected porphgpecies could be synthesized

from mono-zinc fused dimers as readily-accesstlkiisg materials.

Figure 48. Bromination dfi,-30

The reactivity of the obtained doubly connecteppgrin dimers was
gauged with a standard bromination reaction showkigure 48. Experimental
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details are contained in Chapter 6.4. Using deieguivalent of N-
bromosuccinimide (NBS), bromination of the porphywias selective at the
porphyrin positions shown. Because the reactiosn pesaformed at room
temperature and all NBS was consumed, those sppoiitions appear to be the
most reactive to electrophilic substitution, anthdk the more reactive meso
positions than thp positions of standard aryl porphyrins.

4.2.2. Absorbance Spectra

Normalized absorbance (a.u.)

Normalized absorbance (a.u.)

0.0

400 600 800 1000
Wavelength (nm) Wavelength (nm)

Figure 49. Absorbance spectra of fused porphynrers. (a) doubly connected
porphyrinsH,-27 (solid), Zn-27 (dashed), an@u-27 (dots). (b) triply connected
porphyrinsH,-29 (solid), Zn-29 (dashed), an@u-29 (dots). Spectra normalized at
the highest absorbance value.

Doubly and triply connected fused porphyrin dimease distinctive
spectroscopic features as shown in Figigre The fused dimers absorb throughout
the ultraviolet, visible, and into the NIR with && sets of absorption bands
(L,1,11). Unlike simple porphyrins, whose spegtrelate to the four orbital model,

fused porphyrin spectra can be approximated usirgjgit orbital modet** Band

| contains a characteristic peak near 420 nm fablyoconnected and 410 nm for
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triply connected fused porphyrins. Band Il israsgly absorbing set of peaks in
the visible region, spanning from near 500 to pa@stnm. Band Il consists of the
longest wavelength peaks, with doubly connectegipoims having main peaks
around 800 nm and the triply connected between 2880100 nm with broad
shoulder peaks. The metalated analogues are hitiedsn absorbance from the
freebase counterparts, with Cu-porphyrin dimerg4shifted more than the Zn-
porphyrin dimers.

The spectral features were not noticeably affeltetthe differences in
meso-phenyl substitution patterns between triplyneated porphyrin6 and29,
and between doubly connected porphy@ingnd30. The orthogonal nature of the
phenyl ring rotation electronically disconnects timgs, decreasing their interaction
with the porphyrin orbitals. However, brominatedgucts31 and32 are
significantly different from the non-brominated &gue as seen in Figure 50.
Band Ill decreases in relative intensity and shifth increasing bromination,

while there is a slight increase in relative intgnfor Band 1.
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Normalized absorbance (a.u.)
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Figure 50. Absorbance spectra of doubly conngubephyrinsH»-30 (solid),
mono-brominate®2 (dashed), and di-brominat&d (dots).
4.2.3. Macrocycle Distortions

The fused porphyrins have been shown to be relgtplanar in
conformation> however, some of the synthesized molecules sheiged of
distortion as revealed B{A-NMR data (contained in Chapter 6.4). TheNMR
of triply connected,-29 showed an unsymmetrical and broad peak for thefou
type hydrogens near the fused porphyrin connectiodsalso for the four inner
pyrrole hydrogens. These peaks are also dramgtstafted from similar freebase
triply connected molecules, with tReype hydrogens at 6.91 ppm compared with a
literature value of 7.36 ppm, and the inner pyrtoldrogens at 4.34 ppm compared
to 1.42 ppnT> The source of the likely distortion is unknown.

The brominated producBl and32 show irregular broadening and shifted
peaks to an even greater extent tHat29. The most obvious of which related to
the aryl substituents, where twice as many peaks aleserved compared to the
non-brominated but similarly symmetrida-30. For example, di-brominaté&i
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had four distinct meso-mesityl ortho-methyl peatsipared to two for the non-
brominated analogue. This suggests a change imstmnfor31 from the
expected @, The degree of splitting and isolation of thekseallowed for a more

detailed analysis.

T T T T T T T T T T T T T T T
25 24 23 22 2.1 2.0 1.9
Chemical Shift (ppm)

MW—
M
/\_\Ss—dfi

NW—/\/\\ 70deg. C

e -
25 2.4 23 22 21 20 1.9
Chemical Shift (ppm)

Figure 51. 500 MHZH-NMR spectra 081 in pyridineds at various temperatures.

Shown in Figure 51 are tHel-NMR peaks corresponding to the mesityl
ortho-methyl groups at various temperatures. Ademperature increases, the four
distinct methyl groups coalesce into two. Lessrtiec coalescence occurs for the

meso-mesityl meta-hydrogens and for the aryl hyginegn the meso-phenyl
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substituent with ester moiety. From chemical shaftd coalescence temperatures,
the activation barriers were estimated&éﬁzg* = 15.0 £ 0.5 kcal/mol for the

mesityl ring and\Gyo7* = 15.7 + 0.5 kcal/mol for the mesoyl ring with ester
moiety** Coalescence of the peaks could be due to equitidvetween two
macrocycle conformations or rotation of the phemgs if they were being
hindered. The similar activation barriers suggjest a porphyrin macrocycle
conformational change is involved. Indeed theibesito rotation for mesityl and
p-substituted phenyl substitutents on a porphyemaite different, >26 kcal/mol
and 14-18 kcal/mol, respectivef§4°

The origin of the macrocycle conformational chaoge be surmised from
the structural difference betwedh andH,-30, where no peak broadness was
observed in the NMR. Substitution of bulky bronsriier the originap-hydrogens
could be forcing the dimer out of its original pdaurconformation and symmetry.
Steric hindrance between the bromines and the opppdydrogens on the fused
porphyrin are the likely cause. Overcoming theibaequates to the process of the

macrocycle twisting while bromine slides past tppasing3-hydrogen. This

allows for equilibration between the two conforroas.
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4.2.4. Electrochemistry

Table 7. Fused porphyrin dimer electrochemistry

Electrochemistry
Porphyrin (V vs. SCE)
onl onz Ered ] Ered:

Doubly connected

H,-30 0.79 1.09 -0.66 -0.90

n-27 0.68 0.85 -0.79 -1.03

Zn-30 0.66 0.82 -0.82 -1.05
Triply connected

H»-29 0.68 1.03 -0.47 -0.74

Zn-29 0.56 0.78 -0.65 -0.88

Cu-29 0.67 1.05 -0.61 -0.87

Electrochemistry performed in dichloromethane coirig 100mM TBAPK
electrolyte with ferrocene as internal reference.

Doubly and triply connected fused porphyrin dinfease vastly different
electrochemical properties compared to the un-fpsephyrin analogues. The
increase in effective conjugation length of theetlisnacrocycle makes the HOMO-
LUMO gap smaller and the porphyrins easier to @etii Table 7 shows
electrochemical oxidation and reduction values@ected doubly and triply
connected fused porphyrin dimers. Each porphgroapable of being oxidized or
reduced by up to two electrons at moderate potentiche metals are inert at the
applied potentials, so the redox reactions invédveing macrocycle-based
cationic or anionic species. Triply connected pgrms tend to both oxidize and
reduce more easily than the doubly connected anesogThe zinc porphyrins
oxidize at less positive potentials than the freeland copper porphyrin analogues,

owing to the interactions between the metal iortstha macrocycle.
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5. SUMMARY, CONCLUSIONS, AND PERSPECTIVES

Porphyrins are fascinating in their diversity bfypical, electrochemical,
and photophysical properties. They are synthéfioalleable, allowing for
structural variations on a nearly limitless scalefew of these porphyrin varieties
were described in the previous chapters, and sacteiul for multiple
applications. They can be polymerized into a sendactive material as in
Chapter 2, covalently bonded to metal oxide sudgasein Chapter 3, and the
macrocycle can be greatly expanded by ring fusitmporphyrin dimers as in
Chapter 4.

The single most useful property of porphyrin connuats is their ability to
absorb visible light. This region of the solarcpem contains the peak photon
flux of our sun, and thus porphyrins are excelgetar energy collectors.
Efficiently using this absorbed energy was a go&hapters 2 and 3. Liquid-
junction photoelectrochemical cells (PEC), withctieity as an output, were
experimentally used as a proxy for the varied tygfegganic photovoltaics and for
photoelectrochemical cells capable of forming fiseish as hydrogen gas from
water.

Initial experiments using porphyrin polymer thilmis in PEC showed a
variety of system inefficiencies. Itis likely tholy-1 absorbed light but the
energy could not reach a location where elect@amster could occur. Dyad
polymerPoly-2 could perform internal charge separation withgbhyrin and

fullerene, but those charges could not efficientlgrate to opposing electrodes in
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the PEC designPoly-2 functioned nearly five times more efficiently thaoly-1,
however.

The hole migration properties of the porphyrin poéys were studied, with
results suggesting rate limitations of ion pen&trainto the oxidized polymer
films. Minimum Der values of 1.7 x I®cnf sec* for Poly-1, 1.7 x 10° cnf sect
for Poly-2, 1.0 x 10° cnf sec' for Zn-Poly-1, and 2.3 x 18 cn sec for Poly-3
were determined using a chronocoulometric methoid. possible that solid-state
conductivity studies of porphyrin polymer films rhigoe more practical.
Additional experimentation comparing porphyrin pubr derivatives could lead to
new insights and applications.

Studies of electron conductivity via the fulleresudbstituent in films of
dyad polymelPoly-2 have not yet been performed, and could shed addltlight
on the performance of dyad polymer films. Varyihg PEC design could also
provide information on the system. Utilizing elect- and hole-blocking layers on
each electrode would direct the flow of photocurrpossibly decreasing unwanted
recombination processes. High surface area etlxtrsuch a p-type metal oxides
or using a bulk heterojunction PEC architecturdadecrease the distance from
porphyrin polymer to a boundary where electrongfars occur. This could
decrease the amount of energy lost due to relaxfton the excited-state FPoly-

1 and charge recombinationfoly-2, increasing efficiency.

While thin film porphyrin polymers were relativalyefficient solar energy
converters in PEC, porphyrins in general are contynaged in DSSC-type
photovoltaic PEC. DSSC uses dyes attached todudhce area semiconductive
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metal oxides as discussed in Chapter 1.1. In @h8ghe silatrane functional
group was introduced with a new method for forrmmgnolayers covalently
attached to metal oxides with siloxyl bonds. Rutllencomplexes and porphyrins
were prepared with silatrane functionality, anccted with TiQ and Sn@ n-type
semiconductors to form dye-sensitized electrodéir performance and stability
were examined and compared with similarly-structu@boxylic acid and
phosphonic acid surface linkers. It was determthatithe surface linker moiety
had less to do with the subsequent PEC performaiitbe dye on the electrode
than the monolayer surface coverage concentrakonthe dyes tested, the
carboxylate-linked analogugn-23 was hypothesized to have bonded normal to the
semiconductor surface in a bidentate coordinatmming an efficiently packed
monolayer. The silatrar¥#n-19 and phosphonic acid porphyrids-22 had
significantly lower surface coverage thé&n-23 and possibly were angled to the
surface due to the tetrahedral nature of their saarbidentate surface bonding.
This would yield steric constraints and an ineéfitly packed monolayer. Effects
of the higher surface coverage #m-23 included a decrease in solvent-exposed
metal oxide surface and an increased light hangstpability over the
phosphonate- and siloxyl-linked dyes with simileecérode surface areas.

The stability studies of the carboxylate-, phosyate-, and siloxyl-linked
porphyrins on the Ti@surface showed significant differences. Leaclite
dyes from the metal oxide surface under strongtirdlyzing alkaline conditions
revealed the stabilities to be siloxyl > phospheratarboxylate. Therefore, the
strength of the surface bond has little bearintherprocesses involved at the
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interface of the dyes with the metal oxide. Thedstrength would only play a
role when conditions are favorable for dye leachangircumstance generally found
in aqueous solutions. Under neutral to basic phtitimns, the siloxyl surface
connections would be more ideal than phosphonateamoxylate linkers. Since
many biological materials function in this pH ranged most bodies of water are
also generally neutral to basic in pH, the uselafranes could open up a range of
new applications for materials stabilized on metadies.

For future synthetic possibilities, the synthesigigrane species shown in
Figure 29 allow for silatrane derivatization of malles using various coupling
reactions. Use of silatranes for metal oxide serfanctionalization will likely
become more widespread as the applications of roeitZ® nanoparticles and high
surface area electrodes continue to expand.

The use of silatranes is just beginning to blossaond future applications
abound. A similarly bright future might be in stdor the fused porphyrin dimers
discussed in Chapter 4. These doubly and tript(pweoted fused porphyrin dimers
were synthesized using a new chemical oxidativetiaautilizing copper(ll) salts.
In various nitrile solvents and nitromethane?hecomes a strong oxidizer
capable of removing a single electron from a pariphyThe subsequent radical
coupling reactions between two oxidized porphycdoistaining unsubstituted meso
andp positions produces fused dimers. The generatzaction can be also be
tuned towards doubly or triply connected fused bgrps as the major products by

varying the reaction conditions and starting materi
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The properties of fused porphyrin dimers diffgngicantly from the
porphyrin starting materials. First is the abilifythe dimer to contain two distinct
metal or non-metal atoms in a macrocycle struct@econdly is the relative ease
for oxidizing or reducing the dimers compared @ starting porphyrin. Multiple
oxidations or reductions of the macrocycle, aloritp ¥wo redox-active metals,
make the electrochemical properties of the porphgimers complex and tunable.
With the possibility of two different metals in thesed dimers, and the ability to
alter the porphyrin electrochemistry by varying thacrocycle substituents, the
fused dimers have great potential as redox casaly=r example, the
electrochemistry and specific substrate bindinmiéités could be tuned via
structural modifications and metalation. The disnesuld weakly bind the
substrate as a ligand to one metal with the otletalbeing active for a specific
redox reaction. Regio or enantio-selective reastwould be possible due to
specific binding of the substrate to the fused pwrnn dimer catalyst and with the
possibility of synthesizing a chiral fused porphydimer. The ability of the fused
porphyrins to become doubly reduced or oxidizet@derate potentials and in a
narrow potential window ( ~200 mV) might allow fimulti-electron redox
reactions to occur when coupled to a redox-actig&aihmuch like the active site of
photosystem [*” In addition, supramolecular organization of theefd porphyrin
dimers could give interesting properties for vasiagplications.

The fused dimers also broadly absorb in the UVBIsNIR region with
relatively high extinction coefficients. Howevére excited-state lifetimes of the
fused molecules have been previously determinee telatively short compared to
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the starting porphyrins, limiting their use as tighergy harvestefs*** Because
there is only speculation as to the reason fopit@second lifetimes, it is possible
the issue will be overcome in the future. If $® tused dimers would be ideal for
capturing solar energy for use in energy relatgdieions.

Much effort has been made to gain basic scierkifamvledge from the
projects in this dissertation. The research ptesdmere expanded on previous
ideas and results of the worldwide scientific adllee, and there is no doubt it will
continue to expand through others’ hard work. Hokiad's technological stature
relies on such innovation to solve our problemssarsfain our existence.

Hopefully the work herein can be applied to such.
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6. EXPERIMENTAL PROCEDURES
6.1. General Experimental Methods

Materials. All reagents and chemicals were obtained from ceroral
sources unless noted. Specific reagent sourcesuaities are referenced where
applicable. Dichloromethane, hexanes, tetrahydaof(THF), 2-methyl-
tetrahydrofuran (MTHF), toluene, and triethylammere distilled prior to use.
Acetonitrile (Omnisolv grade) was stored on 4A noaler sieves. Silica gel
chromatography was performed using 230-400 mesh gjél (Silicycle, Siliflash
F60). Indium doped tin oxide (ITO, 8-1¥sq) and fluorinated tin oxide (FTO,
TEC 15, 12-14)/sq) on silica glass was obtained from Delta Teabgiek and
Hartford Glass, respectively.

General procedurefor porphyrin metalations. Unless otherwise stated,
metalation of porphyrins was performed by addingppgrin and 5-10 equivalents
of zinc(ll) acetate dihydrate or copper(ll) acetaydrate to a 5:1 solution of
dichloromethane / methanol. The solution was luei@ie30 min and then allowed
to stir overnight under a nitrogen atmosphere. drganic layer was washed with
distilled water, saturated aqueous sodium bicatieolaad again with distilled
water, and the solvent removed under reduced peesgli reactions went to
completion.

General analytical methods. UV-Visible-NIR spectroscopy was
performed using a Shimadzu UV-3101PC UV-Visible—Nfectrophotometer or

Shimadzu UV-2550 UV-Visible spectrophotometer.
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Steady-state fluorescence spectra were measureglaiBihoton
Technology International MP-1 spectrometer andexbed for detection system
response. Excitation was provided by a 75 W xemortaanp and single grating
monochromator. Fluorescence was detected 90° texttigtion beam via a single
grating monochromator and an R928 photomultiplibethaving S-20 spectral
response and operating in the single photon cayiniode.

Mass spectrometry was performed by the MALDI-TORhud using a
Voyager DE STR from Applied Biosystems in refleatoode for all molecules,
and linear mode for polymers. Commonly used medngere terthiophene,
diphenylbutadiene, and sinapinic acid.

'H NMR spectra were obtained in deuterated solvesitsy a Varian 300
MHz, 400 MHz, or 500 MHz instrument with tetramdtilane as internal
reference. Proton assignments were aided by thefUSOSY experiments.

Profilometry was used to determine sample thiclesssing a calibrated
Sloan Dektak Il Profilometer.

Electrochemistry was performed using a CH Instrus1660C or 760D
electrochemical workstation using a standard 3t@lde cell setup. Counter and
reference electrodes were platinum gauze and psey/dgCl, respectively.
Working electrodes and electrolytes were spedatfiicchch experiment. Potentials
referenced to SCE using the ferrocene / ferrocemagox couple as an internal
standard, with values varying by solvéf.

PEC testing. The electrodes were connected to a programmaditbl&y
2400 Sourcemeter linked to a computer via a Nattims&ruments USB-6009
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communication board, and all data were acquirepirbgrams written using
LabView 7.1 software. A 450 W Osram® xenon arcpasith a Jobin Yvon
single-grating monochromator was used for illumoraat specific wavelengths.
Light intensity was measured at each tested wagtiarsing a calibrated silicon
diode detector (Newport Corp. model 818-UV) to obthe power density
spectrum. Current vs. wavelength measurementsaobtaged in 4 nm
increments. Photocurrent was determined by subitgathe average dark current
from the average light current. AM1.5G illuminatizvas obtained using the xenon
arc lamp with added filter (Newport Oriel model 82D to simulate the AM1.5G
solar spectrum. The lamp output was calibrated@ W/nf using a Daystar
Solar Meter. Current-Voltage measurements weramdd scanning an applied
potential using a Keithley 2400 Sourcemeter.
6.2. Experimental Proceduresfor Chapter 2

Materials. Lithium perchlorate (LiClG) and sodium tetrakis-(3,5-bis-
trifluoromethylphenyl)borate (NaBEywere obtained from Alfa Aesar. Lithium
bis(trifluoromethane)sulfonamide (LiNJ)f tetrabutylammonium p-toluene
sulfonate (TBAPTS), and 2,6-di-tert-butylpyridineng obtained from Sigma-
Aldrich.

Synthesis. Porphyrin monomersand2 were synthesized by Dr. Paul
Liddell according to previously-established meth&dé Tetrakis-p-
hydroxyphenyl porphyrin was obtained from Sigma+Add and zinc was inserted

according to Smeets et al. to produce mondét
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Zn(acetate)
H O NH, > H O NH,
CH,Cl,
methanol

1 Zn-1

Zn(I1)-5-(4-aminophenyl)-10,20-bis(2,4,6-trimethylphenyl)por phyrin
(Zn-1). Porphyrinl was metalated tdn-1 using general procedure for porphyrin
metalation given aboveH NMR (400 MHz, CDCJ) § 10.14 (1H, s, meso-H),
9.33 (2H, d,J=4 Hz,B-H), 8.96 (2H, dJ=4 Hz,p-H), 8.90 (2H, d,J=4 Hz,B-H),
8.80 (2H, dJ=4 Hz,B-H), 7.92 (2H, d,J=8 Hz, Ar-H), 7.29 (1H, s, Ar-H), 6.75
(2H, d,J=8 Hz, Ar-H), 3.50 (2H, s, Nb), 2.65 (6H, s, Ar-Ch), 1.83 (12H, s, Ar-
CHzs); MALDI-TOF-MS m/z calcd for G4H37NsZn 699.2, obsd 699.0; UV-visible

(Amax, CHCI,) 416, 544, 580 nm.
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1. Cu(BR),
2. K4FeCN; (aq)
()N
acetonitrile

Zn-1 Poly-1

Chemical oxidative polymerization of Zn-1. A mixture of 300 mg
porphyrin monomeEn-1 (4.28x 10*mol) in 70 mL of acetonitrile was placed
under nitrogen and cooled in an ice bath. A sofutif 517 mg (1.5xI®mol, 3.5
equivalents) Cu(Bfj.+6 water in 10 mL of acetonitrile was added. Adtphyrin
immediately dissolved and the solution turned greéBEme ice bath was removed
and the reaction was stirred at room temperaturd fo An aqueous solution of
1.5 g potassium ferrocyanide in 25 mL distilled evavas then added to quench the
reaction and precipitate the porphyrin. The mtwas filtered and the residue
washed with aqueous basic EDTA, then aqueous sdditarbonate, and finally
distilled water. The solid remaining was dissolue80 mL of trifluoroacetic acid
and stirred under a nitrogen atmosphere for 3te sblution was transferred to a
separatory funnel and 120 mL chloroform and 150aivater were added. The
organic layer was washed with 300 mL of saturatpebaus sodium bicarbonate
and then 200 mL of distilled water, and the solweas removed under reduced
pressure. The solid obtained was dissolved in B®hdichloromethane, and the
porphyrin was precipitated by adding 190 mL of s The mixture was filtered
to yield 196 mg of precipitated porphyrin (72%MH NMR (500 MHz, CDCJ) &
9.6-8.6 3-H), 8.0-6.8 (Ar-H 3-H from fused porphyrin impurity, Ar-N-H), 4.2-3.7
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(Ar-NHy), 2.65-2.60 (Ar-CH), 2.50 (Ar-CH from fused porphyrin impurity), 1.99
(Ar-CHs from fused porphyrin impurity), 1.90-1.80 (Ar-GH-2.25 to -2.45 (N-H);
UV-visible (Amax, THF) 418, 523, 581, 667, 818, 1062, 1105 nm. Agialpy
MALDI-TOF-MS showed a series of peaks correspondingligomers of the
polymer of different lengths.

Electrochemical polymerization. See Chapter 6.1 for general
electrochemical instrumentation and proceduresnadvteers were
electropolymerized on a 26n diameter platinum electrode (CH Instruments), 1.6
mm diameter platinum electrode (Bio Analytical &yss), ITO, or FTO by cyclic
voltammetry using CH Instruments 650C or 760D etettemical workstations.
Unless otherwise stated, solutions for electropelyration consisted of the
following: Monomerl — 0.60 mM in acetonitrile with 2100 mM LiCl) Monomer
Zn-1-0.53 mM in a 14:1 mixture of acetonitrile:dimetltoymamide with 100 mM
LiClO4;, Monomer2 - 0.22 mM in dichloromethane with 100 mM tetra-
butylammonium hexafluorophosphate; Mono®erl.1 mM in acetonitrile with
100 mM LiCIO, and 50 mM 2,6-di-tert-butylpyridin®. Various thicknesses of
polymer films were obtained by repeated CV cyct€0@ mV/sec, scanning
anodic to ~1.3 V vs. SCE for Monomdrand2 and to ~1.1 V vs. SCE for
MonomersZn-1 and3.

Analytical methods. HPLC-gel permeation chromatography was
performed on an Agilent 1200 series HPLC with a \4sible diode-array detector
using a 79911-GP-MXC pm mixed-C column. A calibration curve using

polystyrene standards in THF (unstabilized, HPL&dg) with 1 mL/min elution
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was used for analysis. Dilute 80 samples of porphyrin polymer in THF were
used for characterization. GPC analysis perforaosaiag Agilent ChemStation
Rev.B.03.01 with GPC software add-on Rev.B.01.01.

Chemically polymerized porphyrin was analyzed etettemically using a
platinum 1.6 mm diameter electrode. Chronocouloyratelectropolymerized
polymer was performed in acetonitrile with 100 mMIO,, LINTf,, TBAPTS, or
NaBPh. Chronocoulometric experiments were performed witreasing step
potentials using a 100 ms pulse applied from ~Ov8\SCE foiPoly-1, Poly-2,
andPoly-3, and~ -0.1 V vs. SCE foPoly-Zn-1.

Counter eectrodesfor PEC. Platinized FTO (Pt/FTO) glass for use as
electrodes in regenerative-type PEC were prepaiad sconductive FTO glass
(Hartford Glass, TEC 15). Holes were drilled ie tilass for future electrolyte
introduction. A diamond burr and high speed rotap} were used to place two
holes on opposite corners of the glass. FTO veeld with distilled water,
acetone, and ethanol, and then dried in air. A dfdl0 mM hexachloroplatinic
acid (HPtCk) in anhydrous ethanol was placed on the condustdeof the FTO
glass, which was then dried in air. The FTO wagdukin air at 45 for 1 h,
during which time a nearly transparent Pt/PtO fitmmed.

Regenerative PEC fabrication. Fabrication involved sealing the ITO or
FTO with electrodeposited polymer to a platinizedrter electrode (Pt/FTO) in a
face-to-face design using a heat-sealable polyBw@afonix, Surlyn®, 2%m).
The PY/FTO holes were used as the corners of éiteskeal polymer frame. The

sensitized electrode was placed on top, and theolmelted on a hotplate. The
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electrolyte solution, the specifics of which arateaned below, could be introduced
via the holes, with a thin microscope slide glassec used to cover the holes and
limit solvent evaporation.

Regenerative PEC testing. See Chapter 6.1 for testing procedures. Unless
noted, all photocurrent experiments used an elgt#roonsisting of 750 mM
1,4-benzoquinone (BQ) with 25 mM hydroquinone R&hd 150 mM tetra-
butylammonium hexafluorophosphate (TBAJPIR acetonitrile. No efforts were
made to have anhydrous solutions. PEC illuminatee ranged from 1-2 émFor
analysis, the FTO and ITO glass reflectance wamntako account to allow for
differences in light transmission when illuminatiingough either electrode as
discussed in the text.
6.3. Experimental Proceduresfor Chapter 3

Materials. The porphyrins TTP—COOHL, TMP—COOH13, TTP-vinyl
COOH23, TTP-vinyl COOMe24, and 5,10,15,20-tetrakis-(4'-methylphenyl)
porphyrin (TTP) were synthesized by Dr. Paul Litidsehd aminopropylsilatrane
(10) was synthesized by Dr. Sean Vail.

Synthesis. The compounds cis-(bpRuCh-2H0 and 2-formyl-
5,10,15,20-tetra(4’-methylphenyl)porphyrig-Hiormyl-TTP 20) were synthesized

according to literature methotf&: *4°
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n butyl n butyl

E/> o [g

65°C

Y

CH3
1-Butyl-3-methylimidazolium iodide. A procedure from Bonhote et al.
was followed with modificatiof? To a 100 mL round-bottomed flask were added
10 mL (0.076 mmol) oN-(n-butyl)-imidazole (VWR) and 20 mL of toluene.&h
solution was stirred in the dark under a nitrogemosphere and 8 mL (0.129
mmol) of iodomethane (Fluka, puriss) was addednm_lincrements over the
course of an hour. The solution was heated € 65 23 h, over which time the
product phase-separated. The viscous orange oivasised twice with 10 mL of
hot toluene and volatile liquids were removed undduced pressure to yield 17.63
g (87%) of the imidazolium saftd NMR(400 MHz, CDC}) 6 10.02 (1H, s, N—
CH-N), 7.55 (1H, tJ=2 Hz, N-CH), 7.47 (1H, t|=2 Hz, N-CH-), 4.35 (2H, t,
J=7 Hz, N-CH)), 4.13 (3H, s, N-C}J, 1.93 (2H, m, Ch), 1.41 (2H, m, Ch), 0.98
(3H, t,J=7 Hz, CH). MALDI-TOF-MS m/z calcd for @H;sN> 139.1, obsd 139.1.

/

SI\ O

%)

Vinylsilatrane (4). Vinylsilatrane was commercially obtained and foewli
prior to use. The wet yellow solid was first dissal in dichloromethane and

washed with water. A volume of hexanes doubleatheunt of dichloromethane
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was then added, and a yellow precipitate removddttation. Solvent was
removed from the filtrate under reduced pressuxgeld a white solid that was
then washed with hexane®d NMR (400 MHz, CDCJ) § 6.05-5.96 (1H, m, CH),

5.86-5.77 (2H, m, Ch), 3.83 (6H, t,J=6 Hz, O-CH), 2.86 (6H, tJ=6 Hz, N-CH).

triethanolamine
cat. NaOH /5'

. - \ 9]
120°C
Si(OEt), 2:5h

Allylsilatrane (5). In a dry round bottom flask was stirred 1.52 g of

triethanolamine (1.0 x 7mol) with ~5 mg of NaOH. After 10 min 2.28 mL
allyltriethoxysilane (1.0 x 1®mol) was added. The reaction was stirred andiglow
heated under a nitrogen atmosphere tda@2@fter 2.5 h, the reflux condenser was
removed and the ethanol was distilled under ageincatmosphere. After 1 h the
reaction was cooled and yielded a white precipitdiee solid was dissolved in 30
mL of dichloromethane and washed twice with 30 ndtex. Hexanes (30 mL)
were added to the dichloromethane solution, andittéoromethane was removed
under reduced pressure. The organic solution keasdooled to @, and the
precipitate was filtered and washed with hexangseld 1.0 g of a fluffy white

solid (44%).H NMR (400 MHz, CDCJ) 5 6.06-5.95 (1H, m, CH), 4.93-4.78 (2H,

m, CH=CH,), 3.79 (6H, tJ=6 Hz, O-CH), 2.82 (6H, tJ)=6 Hz, N-CH).

121



tr|ethano|am|ne
85°C /S|\ 0]

Si(OMe);

p-Bromophenyl-silatrane (6). To a dry round bottom flask was added 15
mL of toluene, 4.62 g of triethanolamine (3.1 1ol), and 7.00 g of p-
bromophenyl-trimethoxysilane (2.5 x 1@nol). A reflux condenser was attached
and the mixture was stirred under a nitrogen atimaspand heated to 85 After
4 h the reaction was cooled and the precipitatefiteised and washed with toluene
and methanol to yield a white powder (7.0 g, 85%) NMR (400 MHz, CDCJ) §
7.59 (2H, d,J=8 Hz, Ar-H), 7.38 (2H, d}=8 Hz, Ar-H), 3.89 (6H, t)=6 Hz, O-

CHy), 2.92 (6H, t,)=6 Hz, N-CH).
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Si(Me)s

Br
© TMS-acetylene
Pdy,(dba),
triphenylphosphine
triethylamine
Cul
/5'\ o ow DMF
/> 8e°C —SI5@
& : & 2>
N
7
Trimethylsilyl-(4-ethynylphenyl)-silatrane (7). To a dry round bottom
flask was added 23 mg (1.2 x“ithol) Cul, 72 mg triphenylphosphine (2.7 X410
mol), 1.00 g p-bromophenylsilatrane (3.0 X*1fol), 5 mL triethylamine, and 15
mL DMF. The solution was purged with nitrogen, &3dmg (6.0 x 18 mol) of
tris(dibenzylideneacetone) dipalladium ggiibay, Aldrich) was added along with
1.0 mL (7.1 x 18 mol) trimethylsilylacetylene. A reflux condenseas attached,
and the system was purged with nitrogen and heat@dC for 23 h. The reaction
was cooled and transferred to a separatory funiielé® mL of dichloromethane.
The solution was washed with water, and the sowstremoved under reduced
pressure to yield a brown solid. The solid wasssadved in dichloromethane, and
filtered through Celite®, and the solvent was reatbunder reduced pressure. The
crude material was flushed down a silica gel colusing dichloromethane eluent
to yield 463 mg of a white solid in ~95% purity #4% *H NMR (400 MHz,

CDCL) § 7.66 (2H, d,J=8 Hz, Ar-H), 7.36 (2H, d}=8 Hz, Ar-H), 3.90 (6H, t}=6

Hz, O-Ch, 2.92 (6H, tJ=6 Hz, N-CH), 0.23 (9H, s, Si-CK. MALDI-TOF-MS
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(sinapinic acid matrix) m/z calcd forn#£1,5NOsSi; + 1(H) (m + H) 348.1, obsd

348.1.
Si(Me)3
K2C03
CH Cl,
/SI—O anhydrous methanol

QO

p-Ethynylphenyl-silatrane (8). ~5 mg Trimethylsilyl-(4-ethynylphenyl)-
silatrane7 was dissolved in 200L of dichloromethane. The solution was added to
a mixture of 2 mg powdered anhydrougdO; in 100uL anhydrous methanol.
The mixture was sonicated briefly, purged withogen, and sealed with a stopper
for 10 h. The solvent was removed by distillatiang the product residue was
dissolved in dichloromethane and decanted froniKg@O;. The solution was
washed with water and solvent removed under redpiessure to yield a white
solid (~5 mg, 100%)*H NMR (400 MHz, CDGJ) § 7.69 (2H, d,)=8 Hz, Ar-H),
7.40 (2H, dJ=8 Hz, Ar-H), 3.90 (6H, tJ=6 Hz, O-CH), 3.01 (1H, s, CH), 2.93

(6H, t,J=6 Hz, N-CH).
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<j trlethanolamme

115°C /SI\ fe}
Si(OMe);

p-Aminophenyl-silatrane (9). In a dry round bottom flask was added 2.15
g p-aminophenyltrimethoxysilane (1.0 x4ol) and 1.52 g triethanolamine (1.0 x
102 mol). A reflux condenser was attached and theuréxwas heated to 145
while stirring under a nitrogen atmosphere. ARédrthe reaction was cooled and
the solvent was removed under reduced pressureltbaycrude solid. This was
recrystallized twice from chloroform and filteremlytield a white solid (1.68 g,
62%). *H NMR (400 MHz, CDC}) 5 7.53 (2H, d,J=8 Hz, Ar-H), 6.63 (2H, d}=8
Hz, Ar-H), 3.88 (6H, tJ=6 Hz, O-CH), 3.55 (2H, br s, Nbj, 2.89 (6H, tJ=6 Hz,

N-CH).
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aminopropylsilatrane
EDCI
DMAP

CH,Cl,
20 h

General procedurefor porphyrin amide couplings. TTP-sll (12). To a
round bottom flask was added 9.7 mg (1.38 R t®l) TTP—COOHL1 and 14.4
mg of EDCI (7.51 x 18 mol) dissolved in 35 mL of dichloromethane. The
solution was stirred for 10 min in an ice bath uralaitrogen atmosphere, and then
12.9 mg of 1-(3-amino)-propylsilatrane (5.6 x>fiol) and 6.4 mg of DMAP (5.2
x 10°) were added. The solution was stirred at room &atpre for 20 h under a
nitrogen atmosphere, and then washed twice witmlL5f saturated sodium
bicarbonate solution and once with 15 mL of wafEne organic layer was
concentrated under reduced pressure, and themdtiegp isolated by
chromatography on silica gel using chloroform comtg 5% methanol as eluent
(9 mg, 70%)*H NMR (300 MHz, CDGJ) § 8.88-8.77(m, 8H3-H), 8.25 (2H, d,
J=8 Hz, Ar-H), 8.15 (2H, dJ=8 Hz, Ar—H), 8.09 (6H, dj=8 Hz, Ar—H), 7.55 (6H,
d, J=8 Hz, Ar—H), 3.82 (6H, t) = 6 Hz, O—CH), 3.63 (2H, g,J=6 Hz, CH), 2.83
(6H, t,J=6 Hz, N-CH), 2.71 (9H, s, Ar—Ch), 1.89 (2H, m, Ch), 0.67 (2H, tJ=7
Hz, CH~SI), =276 (2H, s, NH). MALDI-TOF-MS m/z calcd forgHs4NgO4Si

914.4, obsd 914 .4.
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The preparation of other silatrane derivatized pgrps using
aminopropylsilatrane followed a similar procedund &olated yields of these

products were >50% in each case.

aminopropylsilatrane
EDCI

DMAP

HN™ “O

13 a /) 14
(5
N Op

TMP-sil (14). Porphyrinl4 wasprepared from TMP-COOH3. *H NMR
(300 MHz, CDC}) § 8.72 (2H, tJ=5 Hz,p-H), 8.68 (2H, tJ=5 Hz,5-H), 8.63
(4H, s,5-H), 8.24 (2H, d,J)=8 Hz, Ar-H), 8.14 (2H, d}=8 Hz, Ar—H), 7.27 (6H, s,
Ar—H), 3.83 (6H, tJ=6 Hz, O—-CH), 3.63 (2H, g,)=6 Hz, CH), 2.85 (6H, tJ=6
Hz, N-CH,), 2.63 (9H, s, Ar—Ch), 1.91-1.85 (20H, m, Crand Ar-CHy), 0.67

(2H, 1,3 = 7 Hz, CH-Si), —257 (2H, s, NH).
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O

O O,
HO OH Cl
. . amlnopropylsnatrane
/ \ - thionyl chloride / \ trlethylamme
_ \ / reflux _
N N 3h N N CH,Cl,

toluene
60°C 1h
rt.12h

Bpy-sil (15). A mixture of 371 mg (1.52 x Tomol) of 2,2-bipyridyl-4,4-
dicarboxylic acid and 4 mL thionyl chlorids.5 x 10° mol) was refluxed under a
nitrogen atmosphere. Aft8rh the excess thionyl chloride was removed under
reducedpressure and a solution containing 450f triethylamine(3.2 x 10> mol)
in 5 mL of dichloromethane was added. T$otution was transferred to a flask
containing 712 m¢3.1 x 10°mol) of aminopropylsilatran&0 and 15 mL of
toluenewas added. The reaction mixture was maintaine@°& fr 1 h and then
stirred at room temperature for 12 h. Bodvent was removed under reduced
pressure and the prodweas purified by column chromatography on silica gel
usingchloroform containing 10% methanol as the eluete@ 170 mg (17%pf
the desired productH NMR (300 MHz, DMSO) 8.85-8.80 (2H, m, Ar—H), 8.76
(2H, s, Ar—H), 7.84—7.81 (2H, m, Ar-H), 3.60 (12H]=6 Hz, CH-0), 3.17 (4H,
d, CH), 2.78 (12H, t)=6 Hz, CH—N), 1.56 (4H, m, Cb), 0.19 (4H, tJ=8.5 Hz,
CH,—Si). MALDI-TOF-MS m/z calcd for HNgOsSi, + 1(H) (m+H) 673.28,

obsd 673.28.
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0=gi-0 \5. O\Sl’o 0

7 3@ DO EOHO)
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cis (bpy»RuCl: ZHZO

DMF
NH HN NH4PF5
o toluene
— 90°C
/ \ C / N N
=N N

72h
bPY)z 2cr bPV)z 2PFg

16

Ru(bpy)s-sil (16). To a round bottom flask was added 31.8 mg (6.6% 10
mol) of cis-(bpy}RuCh-2H,0 and 48.0 mg (7.1 x Tomol) of bpy-sil15in 3 mL
of dimethylformamide. The solution was heated to@@nder a nitrogen
atmosphere for 72 h. The solvent was removed wederced pressure. Addition of
water dissolved the product, and the residualistamaterial was removed by
filtration. Excess NEPF; was added to the filtrate. The resulting soluti@s
extracted with ethyl acetate and the solvent waved under reduced pressure to
yield a solid red product. Yield: 71.8 mg (79%).NMR (400 MHz, CRQOD) &
9.06 (2H, dJ=1 Hz, Ar-H), 8.67 (4H, ddJ=3 Hz, 2.5 Hz, Ar-H), 8.11 (4H, m, Ar-
H), 7.96 (2H, m, Ar-H), 7.80 (6H, m, Ar-H), 7.48H4m, Ar-H), 3.72 (12H, t)=6
Hz, CH-O), 3.35 (4H, tJ=7 Hz, CH), 2.87 (12H, tJ=6 Hz, CH-N), 1.69 (4H, m,
CHy), 0.35 (4H, m, CktSi). MALDI-TOF-MS m/z calcd for GoHgoN100sS + PR

1231.22, obsd 1231.28.
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O Na* O Na* OH OH
HO OH N N N N
/7 \ — cis (bpyhRuCh- 2H,0 1\ — 1. NH4PF; (aq) S\ —
> 2. 6M HCI (aq)
—N \N / NaHCQ; . \ / — > . \ /
H,0 N N O N N
methanol / 16C
100°C RuZ*(bpy), 2CI RuZ*(bpy), 2PFg

5h

17

Ru(bpy)s-COOH (17). A procedure from Sprintschnik et alas followed
with modification’®* To a flask was added 102.9 mg (2.1 ¥ a®l) of cis-
(bpy»RUCkL-2H0, 65.3 mg (2.7 x Ibmol) 2,2"-bipyridyl-4,4'-dicarboxylic acid,
62.8 mg of NaHC@(7.5 x 10* mol), 3 mL of water, and 2 mL of methanol. The
solution was heated to 1@for 5 h under a nitrogen atmosphere. ExcessPIRH
was added and the reaction mixture was cooled¥. Ihe reaction mixture was
acidified using 12@.L of 6M aqueous HCI and the red precipitate wasrid to

yield 190 mg (95%) of product. UV-Vi&{ax acetonitrile) 458, 430 (sh) nm.

NBS

CHCl;4
methanol
pyridine
reflux
2h

18

TTP--Br (18). In a dry round bottom flask was dissolved 260Th§
(3.9 x 10* mol) in a mixture of 130 mL chloroform, 1 mL pyire, and 20QiL
anhydrous methanol. The reaction was stirred aatkeld to reflux under a nitrogen
atmosphere. Over a 2 h period, N-bromosuccinimiae added in increments

totalling 80 mg (4.5 x IOmol). After an additional 2 h at reflux, the réac was
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cooled to room temperature and washed with waterflze solvent was removed
under reduced pressure. The crude material wagpjiaeed on the rotovap from
dichloromethane and methanol. The precipitategipoeim products were obtained
by filtration and dried under reduced pressure. droeuct was purified by
chromatography on silica gel (activated by heatingrnight at 108C) using a 3:2
mixture of hexanes / dichloromethane as eluent (14539%).'H NMR (400

MHz, CDCk) 6 8.91-8.75 (7H, my3-H), 8.1-8.04 (6H, m, Ar-H), 7.95 (2H, &:8

Hz, Ar-H), 7.56-7.51 (8H, m, Ar-H), 2.70 (12H, st-8Hs), -2.85 (2H, s, NH).

MALDI-TOF-MS m/z calcd for GgHs/BrN4 750.2, obsd 750.2.

vinylsilatrane
Pd(Acetate)
triphenylphosphine
triethylamine
—_—
DMF
10¢°C
70 h

TTP-g-sil (19). In a dry round bottom flask was dissolved 81 i@ P-Br
18 (1.1 x 10" mol), 48 mg vinylsilatrand (2.4 x 10" mol), 8.5 mg palladium(ll)
acetate (3.8 x T0mol), 30 mg triphenylphosphine (1.1 x“itol), and 20QuL
triethylamine in 30 mL DMF. The reaction was kepdar a nitrogen atmosphere
and heated to 160 for 70 h. After cooling, the solvent was removeder
reduced pressure. The crude products were pubifiesblumn chromatography on
silica gel. TTP and brominated starting materiatevflushed from the column

using dichloromethane as the eluent. Addition%frhethanol to the
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dichloromethane eluent eluted the desired porphyfime solid was sonicated in a
50:50 methanol/water solution and filtered to yiddd desired porphyrin product
(21 mg, 22%).*H NMR (400 MHz, CDC}) § 9.06 (1H, sp-H), 8.85-8.83 (2H, m,
p-H), 8.75 (2H, sp-H), 8.70 (1H, dJ=5 Hz,p-H) 8.64 (1H, d,J=5 Hz,5-H), 8.09-
7.99 (8H, m, Ar-H), 7.54-7.48 (8H, m, Ar-H), 7.08H, d,J=18 Hz,8-CH), 6.65
(1H, d,J=18 Hz, CH-Si), 3.82 (6H, =6 Hz, O-CH), 2.83 (6H, tJ=6 Hz, N-

CH,), 2.69 (12H, m, Ar-Ch), -2.67 (2H, br s, NH). MALDI-TOF-MS m/z calcd

for CseHs1Ns03Si 869.4, obsd 869.2.

Zn(acetate)
_—
CH,Cl,
methanol

Zn-19

Zn-TTP-dl (Zn-19). TTP-B-sil was metalated using the general metalation
procedure.®H NMR (400 MHz, CDCY) § 9.11 (1H, sp-H), 8.91-8.88 (4H, ms-
H), 8.85 (1H, dJ=4 Hz,$-H) 8.77 (1H, d,)=4 Hz,p-H), 8.07 (4H, d,J=8 Hz, Ar-
H), 8.02 (2H, d,J=8 Hz, Ar-H), 7.98 (2H, dJ=8 Hz, Ar-H), 7.52-7.48 (8H, m, Ar-
H), 7.04 (1H, d,J=18 Hz,8-CH), 6.52 (1H, d,J=18 Hz, CH-Si), 3.81 (6H, =6
Hz, O-CH), 2.82 (6H, tJ=6 Hz, N-CH), 2.69 (12H, m, Ar-Ckj). MALDI-TOF-

MS m/z calcd for GHagNsO5SiZn 931.3, obsd 931.4.
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Zn(acetate)
—>
methanol

Zn-20

Zn-TTP-p-formyl (Zn-20). B-Formyl-TTP20 was metalated using the
general metalation procedurtd NMR (400 MHz, CDGY) § 9.56 (1H, sg-H),
9.36 (1H, s, CHO), 8.97-8.91 (6H, fiiH), 8.11-8.04 (8H, m, Ar-H), 7.57-7.53
(8H, m, Ar-H), 2.71-2.70 (12H, m, Ar-Gj MALDI-TOF-MS m/z calcd for

CagH36N4OZn 760.2, obsd 760.2.

Zn-20 Zn-21

Zn-TTP-diethyl phosphonate (Zn-21). The porphyrin was prepared
following a modified procedure from Bonfantini éf%*%* A dry round bottom
flask with 40 mL distilled THF was flushed with ragen while adding 37 mg
sodium hydride (9.3 x Tbmol). The solution was cooled in an ice bath g
of Zn-TTPB—formyl Zn-20 (9.1 x 10° mol) and 12QuL of tetraethyl
methylenediphosphonate (4.8 x*fiol) were added. It appeared that the solvent
had become tainted with water, and additional sadiydride was added. The
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reaction was stirred under a nitrogen atmospha@oat temperature overnight,
and then quenched using a saturated ammoniumaleoiution. The reaction
mixture was placed in a separatory funnel with iftorm and a brine solution.
The organic layer was washed with water and theesblwas then removed under
reduced pressure. The crude product was redisswiveemixture of
dichloromethane and methanol, with subsequent rahud\the dichloromethane by
distillation under reduced pressure. The porphyas precipitated by addition of
water, and then filtered. The crude material wasipd by column
chromatography on silica gel using 2% methanolchldromethane as eluent to
obtain the 36 mg of a cis/trans mixture of the @esporphyrin. The porphyrin was
dissolved in 25 mL chloroform and 8 mg3.2 x 10° mol) was added. The
reaction was allowed to stir for 36 h under a ig&no atmosphere in the dark. The
reaction was transferred to a separatory funnebaedched by adding excess
aqueous sodium bisulfite. The organic layer washed with water and the solvent
was removed under reduced pressure. Demetalatiadidic solutions during
workup required re-metalation using the generabtagbn procedure, and 35 mg
of Zn-21 was isolated (43%)*H NMR (400 MHz, CDGJ, **P decoupled § 8.89-
8.75 (7H, mp-H), 8.08-8.02 (6H, m, Ar-H), 7.68 (2H, 38 Hz, Ar-H), 7.53 (2H,
d, J=8 Hz, Ar-H), 7.47-7.44 (4H, m, Ar-H), 6.97 (2H, thrJ=7 Hz, Ar-H), 6.34

(1H, br d,J=17 Hz,8-CH), 5.19 (1H, br dJ=17 Hz, CH-P), 3.06 (4H, broad, P-
CH,), 2.75 (3H, s, Ar-Ch), 2.645 (3H, s, Ar-Ch), 2.640 (3H, s, Ar-Ch), 2.35

(3H, s, Ar-CH), 0.86 (6H, t, Ch). MALDI-TOF-MS m/z calcd for
Cs4H47N4O3PZn 894.3, obsd 894.4.
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TMS-Br
triethylamine

CHCl;
reflux 6 h

Zn-21 Zn-22

Zn-TTP-PO3sH, (Zn-22). The porphyrin waprepared following a
procedure by Muthukumaran et'3l. In a dry round bottom flask 37 mgf-21
(4.1 x 10° mol) and 20QuL triethylamine (1.4 x 18 mol) was dissolved in 25 mL
chloroform, under a nitrogen atmosphere, and.ll5Bromotrimethylsilane was
added dropwise. A reflux condenser was attachddrensolution heated to reflux
under a nitrogen atmosphere for 6 h. The reagt@scooled and washed with
brine, dilute citric acid, and then water. Theveak was removed, and the crude
material was determined to be partially demetalafidte crude product was
remetalated using a modified version of the gemasdhlation procedure where
after the bicarbonate wash the organic layer wahacwith a dilute solution of
polyphosphoric acid (~3% w/w). After metalatiom fbroduct was determined to
be >95% pure (35 mg, 100 %). MALDI-TOF-MS m/z chfor GsgH3gN4OsPZn +

1(H) 839.2, obsd 839.3.
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Zn(acetate)
—>
CH,Cl,

COOH methanol

23 Zn-23
Zn-TTP-COOH (Zn-23). Metalation of23 was performed using a
modified version of the general porphyrin metalafwocedure, where a dilute
aqueous citric acid wash was performed after tb@rbonate wash in order to
reprotonate the carboxylate group. MALDI-TOF-MS roétcd GiH3sN4O-Zn

802.2, obsd 802.2.

Zn(acetate)
-
CH,Cl,
methanol

Zn-24

Zn-TTP-COOMe (Zn-24). Metalation of24 was performed using the
general porphyrin metalation procedutel NMR (400 MHz, CDGJ) § 9.08 (1H,
s,p-H), 8.94-8.89 (6H, mp-H), 8.08-8.05 (6H, m, Ar-H), 7.95 (2H, d&8Hz, Ar-

H), 7.55-7.51 (8H, m, Ar-H), 7.37 (1H, 3:15Hz,5-CH), 6.48 (1H, dJ=15Hz,

136



CH), 3.73 (3H, s, O-C§J, 2.72 (3H, s, Ar-Ch), 2.70 (3H, s, Ar-Ch), 2.69 (6H, s,
Ar-CHs). MALDI-TOF-MS m/z calcd for GH4oN4O2>Zn 816.2, obsd 816.3.

Electrochemistry. See Chapter 6.1 for general electrochemical
instrumentation and procedures. Cyclic voltammefag performed using a 1.6
mm diameter platinum electrode in a standard 3selée cell setup with platinum
counter electrode and pseudo Ag/AgCI referencdrelde. The electrolyte
consisted of a solution of 100 mM tetrdsutylammonium hexafluorophosphate
(TBAPF) in dichloromethane.

Colloidal nanoparticulate solutions. SnO, solution.” Aqueous colloidal
nanoparticle solutions of 12.8% Sn31% PEG / 0.43% NE(w/w) were
prepared by adding 0.46 g polyethylene glycol (&lu7500 MW with bisphenol-
A) and 50uL of 30% aqueous ammonia to 3.0 g of commercial SraDoparticle
colloid (Alfa Aesar - 15% Sngénanoparticles in water). The colloidal solutioasv
stirred overnight to insure homogeneity.

TiO, solution. The colloid was prepared using a modified procedwm
Kang et a>* A solution of 26 mL distilled water and 8.5 mlagial acetic acid
was cooled in an ice bath. Separately, 1 mL igogomol and 4 mL titanium
isopropoxide (Alfa Aesar 97%) were mixed, and thetane was then added
dropwise to the cooled solution with stirring. &lux condenser was attached, and
the mixture was heated at £00for 4.5 h. After cooling, 32 mL of the opaque
colloid was transferred to a Teflon® container pfated in an acid digestion
vessel autoclave (Parr — model 4744). The vesaghsated in an oven at 200
for 12 h and then allowed to cool to room tempeeat he colloid was re-
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dispersed into solution using a sonic horn (Braromc Power - Sonifier cell
disruptor - model 350) with continuous sonicationZ min, a 50/50 pulse for 2
min, and continuous sonication for 1 min to fullgmerse the material. The colloid
was placed in a round bottom flask and concenttatdd? mL (4.6 grams) using a
rotary evaporator under reduced pressure. Thesotrated colloid was mixed
with 120 mg each of PEG (Fluka - 17500 MW with bispol-A) and PEO

(Aldrich — 100000 MW). Another ~0.8 mL water waklad to decrease the
viscosity. The colloidal solution was stirred avight to insure homogeneity.

Preparation and characterization of SnO, and TiO, electrodes. FTO
was rinsed with acetone, water, and ethanol. A&a an the substrate was then
defined using Scotch® transparent tapeu®ilthick). The nanoparticle colloidal
solution was spread over the tape mask using ttiedolade method with a razor
blade or glass rod. The resulting film was driedir, generally overnight. The
tape was removed, and the films were heated irvan at 456C for 1 hour.
Profilometry was used to determine the thicknesE©@f and SnQ electrodes
prepared using the above procedure. The resutgezha narrow thickness range
that varied between @m and 3.2um for TiO, and between 3.9m and 4.2um for
SnG electrodes.

Senditization of SnO,. Porphyrins with the carboxylic acid linker were
dissolved in ethyl acetate (~0.2 mM), and electsoslere soaked at room
temperature for a minimum of 3 h. Porphyrins tiité silatrane linker were
dissolved in toluene, and electrodes were soak8&a &t for a minimum of 3 h.

Electrodes sensitized with silatrane porphyrinsanben soaked in chloroform with
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~20% ethanol to remove unbound porphyrin. Ruther@ampounds were
dissolved in acetonitrile, and electrodes were sdait 80°C. Electrodes in the
silatrane functionalized ruthenium dye solutionevenaked for 5 h while
electrodes in the carboxylic acid ruthenium dyeitsoh were soaked for a shorter
time to achieve comparable absorbance to theasitelectrodes. After
sensitization, electrodes containing rutheniuntrsitee dye were soaked in
acetonitrile with 10% ethanol to remove unbound dye

Senditization of TiO,. Porphyrins were dissolved in toluene (~0.2 mM),
and electrodes were soaked di®€br 1 h, rinsed in toluene and acetonitrile, and
then dried in air.

Counter eectrodesfor PEC. Platinized FTO (Pt/FTO) glass for use as
counter electrodes in regenerative-type PEC weegoed as described in Chapter
6.2. HgSO, / Hg electrodes were prepared by packing merc@tahand then
mercurous sulfate into a glass cylinder in to ame & which was sealed a platinum
wire as shown in Figure 52. Inert glass wool wesduo keep the materials from
leaching out. The electrode was stored in a datliegqueous solution of potassium

sulfate.
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epoxy seal

Hg metal

Hg.SO,

glass wool

Figure 52. HgSQ, / Hg electrode

PEC fabrication. Non-regenerative. A Teflon® PEC apparatus was used
for non-regenerative cells, and is shown in Figage Two Teflon® blocks with 13
mm diameter open chambers (3.5 mL) were connegtad\afion® N-112 proton
exchange membrane via 14 mm [.D. rubber o-ring eciions. The outside of
each Teflon® block chamber was sealed using ditaesparent glass or the
sensitized FTO electrode situated between 14 mnruliber o-ring connections of
the chamber and an aluminum plate with 13 mm dienagterture to allow for

illumination. The apparatus was assembled usingstwews to sandwich the

materials and seal all o-ring connections.

Figure 53. Non-regenerative PEC assembly. Teflan®aluminum blocks (left)
and fully assembled (right)
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Regenerative. Fabrication involved sealing a sensitized elesnm a
platinized counterelectrode (Pt/FTO) in a faceaoefdesign using a heat-sealable
polymer (Solaronix, Surlyn®, 2bm) to confine the active area of the electrodes
and act as a high-resistance spacer between theenPt/FTO holes were used as
the corners of the heat-seal polymer frame. Theiteed electrode was placed on
top, and the polymer melted on a hotplate. Thetrelgte solution, the specifics of
which are provided below, could be introduced ki lioles, with a thin
microscope slide glass cover used to cover thestaold limit solvent evaporation.

PEC testing. Non-regenerative cell. Photocurrent was measured in a two-
chambered Teflon cell with a Nafion® membrane learais described above.
Sensitized Sn@electrodes with a 1.45 érilumination area were prepared. The
anode compartment contained a buffered aqueousosn{@50 mMN-
tris(hydroxymethyl)methyl-2-aminoethane-sulfoniocda@ ES) / 100 mM KCI) at a
pH of 7.35 containing 10-15 mptnicotinamide adenine dinucleotide reduced
disodium salt (NADH) as a sacrificial electron dorthe solution was
continuously bubbled with argon. The cathode cotnpamt contained saturated
agueous KSO, and a HgSQy/Hg electrode. See Chapter 6.1 for PEC testing
procedures.

Regenerative cell. Dye sensitized Snfr TiO; electrodes were cut into 1
cmx 1 cm electrodes which were then made into regaéwera
photoelectrochemical cells as described above.rddenerative electrolyte

consisted of 100 mM Lil, 50 mM,1650 mM 1-butyl-3-methylimidazolium iodide,
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and 50 mM 4ert-butylpyridine in a 85:15 acetonitrile:valeronigrisolvent
mixture. See Chapter 6.1 for PEC testing procedure

Transient absor ption spectroscopy. All nanosecond transient absorption
spectroscopy experiments were performed by Dr. Keiystead® Time-resolved
transient absorption experiments were carried singua nanosecond laser flash
photolysis system. The excitation source was avté€bpoptical parametric
oscillator pumped by the third harmonic of a Camtim Surelite Nd:YAG laser.
The pulse width was 5 ns and the repetition ratedz. The detection system
consisted of a 75 W xenon-arc lamp (Spectra Physocel 66905), a double
grating monochromator (Spectral Products, 1/4 mkidigh), and a silicon
photodiode (Thorlabs, Inc., DET210) coupled to bage amplifier. The signal
was captured by a Tektronix TDS 303213 digitizisgilloscope and transferred to
a PC that controls the laser system using softwatien by Ultrafast Systems
LLC. In all cases the sample electrode was platad agueous sodium borate
buffer pH 7.35, aligned 4%0 the probe beam, and excited from the back side.
Lifetime distributions were calculated using Timedt#a software (Photon
Technology International). The chosen fitting ftioic contained 200 fixed
exponential terms with logarithmically spaced lifegs ranging from 100 ns to 1
ms and variable pre-exponentials.

Dyeleaching study. TiO, electrodes were sensitized with porphyrin using
the procedure described above. Porphyrin was éebitbm the sensitized TiO
electrode surface using a strongly alkaline satutionsisting of a mixture of THF /
methanol / 0.5% aqueousL£; (w/w) in a 10:5:2 ratio. Electrodes were soaked
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at room temperature for 20 min and rinsed with & Tkater solution followed by
an acetonitrile wash. For ‘cured’ electrodes, ;lW@s sensitized as described
previously and then heated at %BGor 1 h in a solution of acetonitrile containing
0.6% water.
6.4. Experimental Proceduresfor Chapter 4

Materials. Cu(ClQ)*6H,0 (Alfa Aesar, reagent grade) and
Cu(BFy)2+6H,0 (Strem Chemicals, 99%) were partially dehydratedier vacuum
and stored in a desiccator. Nitromethane (Fish@6 grade) was stored on 4A
molecular sieves.

Synthesis. Porphyrinsl andH»-28 were provided by Dr. Paul Liddell.

. el .

trifluoroacetic anhydride
?

CH,Cl,
pyridine
g 3.5h

1 H,-25

H,-25. A solution of 164 mg of porphyrih (2.57x 10* mol) in 40 mL
dichloromethane and 2QQ. pyridine was cooled in an ice bath under a niérog
atmosphere. Trifluoroacetic anhydride (118 1.28x 10° mol, 5 equivalents)
was added and the solution was stirred for 3.5He reaction mixture was washed

with saturated aqueous sodium bicarbonate soltditmwed by a wash with water

143



to yield 180 mg porphyrin (95%)H NMR (400 MHz, CDCJ) 6 10.12 (1H, s,
meso-H), 9.26 (2H, di=4 Hz,B-H), 8.83 (2 H, dJ=4 Hz,B-H), 8.77 (2H, d,J=5
Hz, B-H), 8.75 (2H, dJ=4 Hz,B-H), 8.24 (1H, s, N-H), 8.23 (2H, d=7 Hz, Ar-
H), 7.93 (2H, dJ=7 Hz, Ar-H), 7.29 (4H, s, Ar-H), 2.63 (6H, s, Ag) 1.83
(12H, s, Ar-CH), -2.90 (2H, s, N-H); MALDI-TOF-MS m/z calcd for

CaeH3gF3NsO 733.3, obsd 733.4; UV-visibléfax, CHCly) 412, 508, 540, 583, 638

F3C
=0
O NH Cu(acetate)
CH,CI,

nm.

methanol

H2-25 Cu-25

Cu-25. The porphyrirCu-25 was synthesized froid,-25 using the
general procedure for porphyrin metalation desdrétgove. MALDI-TOF-MS m/z
calcd for GgH3zgCuRNsO 794.2, obsd 794.4; UV-visible{.x, CH.Cl) 410, 534,

567 nm.
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Porphyrin dimers 26 and 27. A solution of 179 mg of Cu(CIg6 H,O

(4.83x 10*mol, 3.3 equivalents) in 4 mL acetonitrile was atitiea mixture of
116 mg porphyrirCu-25 (1.46x 10* mol) in 35 mL of acetonitrile. All porphyrin
immediately dissolved, and the purple solution stased under a nitrogen
atmosphere for 3.5 h. The reaction was quenchiédaniagueous solution of 400
mg of potassium ferrocyanide in 40 mL of distilledter, and 50 mL chloroform
was added. The organic layer was washed thres tiitie 50 mL of water and
then the solvent was removed under reduced pres$ueeporphyrin was stirred in
an ice cold solution of 20 mL of trifluoroacetia@cl0 mL of chloroform, and 6.5
mL of concentrated sulfuric acid for 1.5 h. Th&ison was then added to 50 mL
of cold distilled water and extracted twice withr8Q of chloroform. The
combined organic extracts were washed with didtilater, saturated agqueous
sodium bicarbonate containing EDTA, and again wistilled water (50 mL each).
The organic layer was dried under reduced presstepeated flash column
chromatography was performed on silica gel usiBamixture of

dichloromethane / hexanes as eluent to yield @lytdonnected porphyriGu-26
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(33 mg, 29%) and free base doubly connected parphigr27 ( 36 mg, 34%) as
the first and second major band, respectively.Gte26: MALDI-TOF-MS m/z
calcd for GHesCWFsN100, 1584.4, obsd 1584.6; UV-visible-NIR {ax CHCl,)
409, 557, 577, 911(sh), 1002 nm. For27: 'H NMR (400 MHz, CDCJ) § 9.25
(2H, d,J=5 Hz,B-H), 8.83 (2H, sB-H), 8.46 (2H, dJ=5 Hz,B-H), 8.31 (2H, d,
J=5 Hz,B-H), 8.26 (2H, dJ=5 Hz,B-H), 8.24 (2H, d,J)=5 Hz,B-H), 8.20 (2H, d,
J=5 Hz,B-H), 8.17 (2H, s, N-H), 8.13 (4H, d=8 Hz, Ar-H), 7.93 (4H, d)=8 Hz,
Ar-H), 7.31 (4H, s, Ar-H), 7.25 (4H, s, Ar-H), 2.§6H, s, Ar-CH), 2.61 (6H, s,
Ar-CHg), 2.08 (12H, s, Ar-Ch), 1.95 (12H, s, Ar-Ch), 0.71 (4H, s, N-H);
MALDI-TOF-MS m/z calcd for GaH72FsN1¢gO2 1463.6, obsd 1463.7; UV-visible-

NIR (Amax, CH.Clp) 424, 499, 561, 611, 739(sh), 814 nm.

1. Cu(BR),
2. K4FeCNy

nitromethane
2h

Porphyrin dimer Cu-27. Synthesismethod 1. A solution of 55 mg of
Cu(BFRy)»*6 H,O (1.6x 10*mol, 3 equivalents of porphyrin) in 10 mL nitromaitie
was added to a mixture of 42 mg porphy&in-25 (5.3x 10° mol) in 20 mL of
nitromethane. All porphyrin immediately dissolvaad the solution immediately
turned to a dark red. The solution was stirrecenadhitrogen atmosphere for 2 h.

The reaction was quenched with an aqueous solatibrg of potassium
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ferrocyanide in 30 mL of distilled water, followég the addition of 50 mL
dichloromethane. The organic was washed twice 5@tmL of water and then the
solvent was removed under reduced pressure topaefthyrin product. TLC was
performed using a 1:1 mixture of dichloromethahexXanes and mass spectrometry
each provided evidence for a single porphyrin pecbQ@u-27 (41 mg, 98%).
MALDI-TOF-MS m/z calcd for GaHssCuFsN1002 1586.4, obsd 1586.2; UV-
visible (umax, CH:Cl,) 418, 487 (sh), 553, 629, 702 (sh), 768 nm.

Synthesis method 2. DimerCu-27 was also prepared froh-27 as

described by the general procedure for porphyritalagon given above.

Zn(acetate)

CH,Cl,
methanol

Zn-27. This material was prepared frda-27 as specified by the general
procedure for porphyrin metalatiotd NMR (400 MHz, CDGY) § 9.47 (2H, d,
J=5 Hz,B-H), 9.03 (2H, sp-H), 8.57 (2H, d,J=5 Hz,B-H), 8.39 (4H, mp-H),

8.33 (4H, mp-H), 8.16 (2H, s, N-H), 8.14 (4H, d=8 Hz, Ar-H), 7.91 (4H, dJ=8
Hz, Ar-H), 7.31 (4H, s, Ar-H), 7.25 (4H, s, Ar-H),66 (6H, s, Ar-Ch), 2.62 (6H,
s, Ar-CH), 2.08 (12H, s, Ar-Ch), 1.95 (12H, s, Ar-Ck); MALDI-TOF-MS m/z
calcd for GHegFeN1002Zn, 1590.4, obsd 1590.5; UV-visible-NIR{ax, CHCI)

422, 492, 551(sh), 563, 593(sh), 638, 718(sh) 87
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o) 0O
H O Cu(acetate) H O
OMe » OMe
methanol
H2-28 Cu-28

Cu-28. This material was prepared frd#3-28 as specified by the general
procedure for porphyrin metalation. MALDI-TOF-MS 2xdalcd for

CaeH3sCUN4O, 741.2, obsd 741.3; UV-visibl@fax, CHCl,) 410, 534, 567 nm.

Porphyrin dimers29 and 30. A solution of 200 mg of Cu(CIgy*6 H,O
(5.40% 10*mol, 3.3 equivalents) in 5 mL of acetonitrile walsled to a mixture of
123 mg of porphyrirCu-28 (1.65x 10" mol) in 40 mL of acetonitrile. All
porphyrin immediately dissolved and the solutiawdy turned purple. The
solution was stirred under a nitrogen atmosphar8 fo The reaction was then
guenched with a solution of 350 mg of potassiumotgranide in 50 mL of distilled

water, followed by the addition of 50 mL. The angalayer was washed three
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times with 60 mL of water followed by removal o&tholvent under reduced
pressure. The porphyrin was stirred for 30 minutessolution of 20 mL of
trifluoroacetic acid, 10 mL of dichloromethane, &hL of concentrated sulfuric
acid. The solution was then poured into 50 mLabd clistilled water followed by
the addition of 30 mL of chloroform. The orgaragér was washed with distilled
water, saturated aqueous sodium bicarbonate corgdtDTA, and again with
distilled water (50 mL each), followed by removétlee solvent under reduced
pressure. Flash column chromatography using git@nd a 1:1 mixture of
dichloromethane / hexanes yielded Cu-triply corestCu-29 (38 mg, 31%) and
free base double connectdg-30 ( 53 mg, 47%) as the first and second major
band, respectively. F&@u-29: MALDI-TOF-MS m/z calcd for GH7¢Cu:NgO4
1478.4, obsd 1478.5; UV-visible-NIR {ax, CH.Cl) 409, 557, 577, 909 (sh), 1002
nm. ForH»-30: 'H NMR (400 MHz, CDCJ) § 9.25 (2H, d,J=5 Hz,B-H), 8.83

(2H, s,B-H), 8.46 (2H, d,J=5 Hz,B-H), 8.37 (4H, d,J=8 Hz, Ar-H), 8.29 (2H, d,
J=5 Hz,B-H), 8.24 (4H, dJ=5 Hz,B-H), 8.20 (2H, d,J)=5 Hz,B-H), 8.17 (4H, d,
J=8 Hz, Ar-H), 7.30 (4H, s, Ar-H), 7.25 (4H, s, Ar-H).08 (6H, s, O-C}J, 2.66
(6H, s, Ar-CH), 2.61 (6H, s, Ar-Ch), 2.08 (12H, s, Ar-Ch), 1.95 (12H, s, Ar-
CHs), 0.71 (4H, s, N-H); MALDI-TOF-MS m/z calcd forggH76NgO4 1357.6, obsd

1357.6; UV-visible-NIR {max, CH:Cl5) 425, 499, 561, 610, 739(sh), 812 nm.
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MeO
Zn(acetate)

CH,Cl,
methanol

Zn-30. This material was prepared frd3-30 as specified by the general
procedure for porphyrin metalatiotd NMR (400 MHz, CDGY) § 9.47 (2H, d,
J=5 Hz,B-H), 9.04 (2H, sp-H), 8.57 (2H, d,J=5 Hz,p-H), 8.38-8.31 (12H, nB-

H and Ar-H), 8.19 (4H, dJ=8 Hz, Ar-H), 7.30 (4H, s, Ar-H), 7.26 (4H, s, Ar-H)
4.07 (6H, s, O-Ch), 2.66 (6H, s, Ar-Ch), 2.62 (6H, s, Ar-Ch), 2.08 (12H, s, Ar-
CHs), 1.94 (12H, s, Ar-Ck); MALDI-TOF-MS m/z calcd for GH7:NgOsZn,
1484.4, obsd 1484.2; UV-visible-NIR {ax CH.Cl,) 423, 491, 550(sh), 564,

593(sh), 638, 718(sh), 786 nm.

(o] (o]
H O Zn(acetate) H O
OMe P OMe
CH,Cl,

methanol

H,-28 Zn-28

Zn-28. This material was prepared frd3-28 as specified by the general
procedure for porphyrin metalatiotd NMR (400 MHz, CDGJ) § 10.19 (1H, s,
meso-H), 9.36 (2H, d=3 Hz,-H), 8.92 (2H, dJ=3 Hz,B-H), 8.84 (4H, sp-H),

8.41 (2H, d,J=7 Hz, Ar-H), 8.32 (2H, dJ=7 Hz, Ar-H), 7.30 (4H, s, Ar-H), 4.09
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(3H, s, O-CH), 2.65 (6H, s, Ar-Ck), 1.82 (12H, s, Ar-Ck). MALDI-TOF-MS

m/z calcd for GgHzgN4OZn 742.2, obsd 742.0.

1. Cu(CIQ),
2. KFeCN;

H.-29. A solution of 142 mg of Cu(Cl§.,*6 H,O (3.83x 10*mol, 3.6
equivalents) in 5 mL of acetonitrile was added toigture of 80 mg of porphyrin
Zn-28 (1.07x 10% mol) in 20 mL of acetonitrile. All porphyrin imrdéetely
dissolved and the solution slowly turned purplée Solution was stirred under a
nitrogen atmosphere for 3.5 h. The reaction wasdjed with an aqueous
solution of 900 mg of potassium ferrocyanide im&l0 of distilled water, followed
by the addition of 40 mL of chloroform. The orgatayer was washed twice with
50 mL of water and the solvent removed under redipcessure. The two major
products had similar{Ralues and could not be purified by column
chromatography. The crude porphyrin products wleraetalated by dissolving
them in a 1:1 mixture of chloroform / trifluoroaime&cid for 1 h, then poured into
50 mL of distilled water. The organic layer wasstvad with a saturated aqueous
solution of sodium bicarbonate and water followgddmoval of the solvent under

reduced pressure. Flash column chromatographyerésrmed on silica gel using
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a 2:1 mixture of dichloromethane / hexanes to Viddbase triply-connected
porphyrin dimeH»-29 (26mg, 36%). The doubly-connected analogue was not
obtained in pure formH NMR (400 MHz, CDGJ) & 8.23 (4H, d,J=8 Hz, Ar-H),
7.87 (4H, dJ=8 Hz, Ar-H), 7.46 (4H, dJ=4 Hz,3-H), 7.39 (4H, dJ=4 Hz,-H),
7.11 (8H, s, Ar-H), 6.91 (4H, br B;H), 4.34 (4H, br s, N-H), 4.02 (6H, s, O-H
2.50 (12H, s, Ar-Ch), 2.02 (24H, s, Ar-Ck). MALDI-TOF-MS m/z calcd for
CooH74NgO4 1355.6, obsd 1355.6. UV-visible-NIR ., CH.Cl) 407, 474, 562,

944 (sh), 1051, 1090, 1167 (sh) nm.

Zn(acetate)

CH,Cl,
methanol

H,-29

Zn-29. Porphyrin dimeH»-29 (10 mg, 7.4 x 18 mol) was metalated using
a modified procedure for general porphyrin metatatn which the reaction was
refluxed for 3 h and kept warm (=85 for a further 24 h. The crude products were
chromatographed on silica gel using a 3:1 mixtdirdiahloromethane / hexanes to
yield 6.8 mg of the desired doubly zincated porjhgiimerZn-29 (62%). *H
NMR (400 MHz, CDCJ) § 8.24 (4H, d,J=8 Hz, Ar-H), 7.87 (4H, d}=8 Hz, Ar-
H), 7.54 (4H, dJ=4 Hz,p-H), 7.47 (4H, dJ=4 Hz,p-H), 7.11 (8H, s, Ar-H), 6.94
(4H, s,B-H), 4.34 (4H, br s, N-H), 4.02 (6H, s, O-gH2.51 (12H, s, Ar-Ch),
2.01 (24H, s, Ar-Ch). MALDI-TOF-MS m/z calcd for GH7oNgO4Zn, 1482.4,

obsd 1482.6. UV-visible-NIR nax, CHCl,) 415, 458, 558, 581, 931, 1055 nm.
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Bromination of H,-30. A solution of 34 mg of porphyrid»30 (2.5x 10°
mol) and 4.5 mg of N-bromosuccinimide (230° mol) in 10 mL of chloroform
was stirred at room temperature for 20 h and thiga dby distillation of the solvent
under reduced pressure. The crude material wasnabographed on silica using a
2:1 mixture of dichloromethane / hexanes. Theattibnated compoundl (12 mg,
32%)eluted first followed by the monobrominated compb82 (10.2 mg, 29%)
and lastly the starting material. R *H NMR (400 MHz, CDCJ) § 9.23 (2H, d,
J=5 Hz,B-H ), 8.45-8.25 (6H, br, Ar-H), 8.21 (2H, &5 Hz,B-H), 8.20 (2H, d,
J=5 Hz,B-H), 8.18 (2H, dJ=5 Hz,B-H), 8.17 (2H, d,J=5 Hz,p-H), 8.12 (2H, d,
J=5 Hz,B-H), 8.01 (2H, br s, Ar-H), 7.23 (2H, br s, Ar-H),16 (6H, s, Ar-H)4.08
(6H,s, O-CH), 2.54 (6H,s, Ar-CH), 2.51 (6H, s, Ar-Ch), 2.23 (6H, s, Ar-CH),
2.07 (6H, s, Ar-Ch), 1.76 (12H, br s, Ar-Ch), 1.74 (6H, br s, Ar-Ch), 1.06 (2H,
s, N-H), 0.58 (2H, s, N-H}H NMR (500 MHz, g-pyridine)$ 9.63 (2H, d,J=5 Hz,
B-H), 8.53 (2H, d,J=5 Hz,B-H), 8.49 (4H, d,J=5 Hz,B-H), 8.46 (4H, d,J=8 Hz,
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Ar-H), 8.42 (2H, dJ=5 Hz,B-H), 8.31 (2H, d,J=5 Hz,B-H), 8.2 (4H, br s, Ar-H),
7.45-7.22 (8H, br m, Ar-H), 4.02 (6H, s, O-gJH2.61 (6H, s, Ar-Ch), 2.60 (6H, s,
Ar-CHg), 2.51 (6H, s, Ar-Ch), 2.31 (6H, s, Ar-Ch), 2.08 (6H, s, Ar-Ch), 1.94
(6H, s, Ar-CH), 1.45 (2H, s, N-H), 0.98 (2H, s, N-H); MALDI-TORS m/z calcd
for CooH74BroNgO4 1514.4, obsd 1514.5; UV-visible-NIR {ax, CH:Cl,) 431, 501,
569, 618, 802 nm. F@: *H NMR (400 MHz, CDC}) § 9.36 (1H, d,)=5 Hz,p-
H), 9.21 (1H, dJ=5 Hz,B-H), 8.54 (1H, sp-H), 8.49 (1H, dJ=5 Hz,B-H), 8.37
(4H, d,J=8 Hz, Ar-H), 8.28-8.15 (13H3-H, Ar-H), 7.23 (4H, br s, Ar-H), 7.21
(2H, br s, Ar-H), 4.083 (3H, s, O-GH 4.081 (3H, s, O-C}J, 2.60 (3H, s, Ar-
CHs), 2.58 (3H, s, Ar-Ch), 2.56 (6H, s, Ar-Ch), 2.3-1.7 (12H, br s, Ar-C§), 2.01
(6H, s, Ar-CH), 1.93 (6H, s, Ar-Ch), 0.95 (2H, s, N-H), 0.38 (2H, br s, N-H}
NMR (500 MHz, @-pyridine)s 9.76 (1H, dJ=5 Hz,$-H), 9.53 (1H, dJ=5 Hz,
B-H), 9.01 (1H, sp-H), 8.59-8.55 (2H, mB-H), 8.54-8.49 (4H, nmB-H), 8.48-8.43
(6H, m,B-H, Ar-H), 8.29 (1H, dJ=5 Hz,p-H), 8.24 (1H, dJ=5 Hz,p-H), 8.22-
8.18 (4H, br s and d=8 Hz, Ar-H), 7.5-7.3 (8H, br m, Ar-H), 4.03 (3H,G;
CHs), 4.02 (3H, s, O-CHJ, 2.65 (3H, s, Ar-Ch), 2.62 (6H, s, Ar-Ch), 2.54 (3H, s,
Ar-CHg), 2.70-1.80 (12H, br s, Ar-G§}{ 2.34 (6H, s, Ar-Chk), 2.04 (6H, s, Ar-
CHg), 1.50 (2H, s, N-H), 0.84 (2H, br s, N-H); MALDIEF-MS m/z calcd for
Cy2H75BrNgO4 1436.5, obsd 1436.8; UV-visible-NIR{ax CHxCl,) 428, 502, 567,
612, 807 nm.

Electrochemistry. See Chapter 6.1 for general electrochemical

instrumentation and procedures. Cyclic voltammeiag performed using a 1.6
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mm diameter platinum electrode in a standard 3selée cell setup. The
electrolyte solution consisted of a 100 mM solutbretran-butylammonium
hexafluorophosphate (TBABFN dichloromethane.

NMR temperature study. *H NMR spectra were obtained in deuterated
pyridine using a Varian 500 MHz instrument with tamperature calibrated using

ethylene glycol with the help of Dr. Brian Cherry.
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