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ABSTRACT

The efficiency of photoconversion systems such as organic photovoltaic cells and
photocatalytic water-splitting cells is largely governed by the interfacial charge transfer
processes. Understanding the structure-function relationship, specifically at the
molecular thin film/transparent conducting oxide interface will allow for engineering
these interfaces to promote charge transfer and reduce the rate of charge recombination.
Important factors that are hypothesized to influence charge transfer are morphology,
chemical characteristics, electronic properties and molecular orientation. As molecules
are bound to a transparent conducting oxide or incorporated into a thin film, the local
solid-state molecular environment greatly influences the excited state properties of the
molecule. Pathways for quenching, radiative and nonradiative decay drastically limit the
excited state lifetimes.

In order to investigate the photoinduced kinetics of thin films and at interfaces a
instrument was developed coupling transient absorbance spectroscopy to attenuated total
reflectance spectroscopy. The photoinduced kinetics of a thin film of bacteriorhodopsin
was used to evaluate the instrument performance, and it was determined that 1% of a
close-packed monolayer could be detected with this geometry.

The properties of a molecular thin film/transparent conducting oxide were
investigated by tethering zinc porphyrin to ITO. The electrochemical properties were
influenced by the functional group of the binding moiety. To improve our understanding

of how the solid state molecular environment affects excited states lifetimes, zinc
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porphyrins were incorporated into mono- and multilayer thin films and measured with
transient ATR spectroscopy.

Finally, multilayer films related to photocatalytic water-splitting were
investigated with the incorporation of inorganic nanosheets. The nanosheets helped to
create a stratified assembly for multilayer films, spatially segregating electron donor
(palladium porphyrin) and electron acceptor (poly(viologen)) molecules. The role of the
nanosheets in the electron transfer between the donor and acceptor was studied by
monitoring the triplet state lifetimes of a palladium porphyrin with transient ATR

spectroscopy.
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1. INTRODUCTION

1.1 Solar Cells

The human population consumes about 15 terawatts (TW = 10'? W) of energy
every year." As the population continues to grow, along with urbanization of third-world
countries and industrialized nations, the demand for energy will increase at a staggering
rate. According to the US Energy Information Administration, non-renewable sources
make up 83% of the US Energy portfolio.? This heavy reliance on fossil fuels is
unsustainable as well as detrimental to the environment. Hoffert outlined the major
implications in regards to CO, emissions from utilizing carbon based sources to meet the
growing energy demands.® He stated that in order to avoid catastrophic planetary
changes, 10 TW of carbon neutral energy must be added to the global energy portfolio by
2050.* To meet this challenge, cost-effective, efficient and sustainable sources need to be
researched and developed. One of the major thrusts towards this goal is with solar energy
conversion. Solar power irradiates the Earth with one hundred and twenty thousand TW
of power per year, harvesting this energy for a single day would supply the planet with
power for one year.'®

Conversion of solar energy to electricity was first documented in 1839 by
Becquerel with the use of liquid electrolytes.® The most prevalent solar cells today are
still based on the work of Chapin from 1954, where a silicon based solid state p-n
junction cell demonstrated an efficiency of 6%." Although single crystal silicon cells or

‘Generation I’ cells have the highest efficiencies of close to 30% and are the most
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prevalent on the commercial market, they are plagued with the high cost of silicon
purification.®? ‘Generation II’ cells emerged to address the manufacturing cost and
improve the power conversion efficiency.’ These cells utilize other inorganic
semiconductor materials that are more highly absorbing than crystalline silicon. Some of
the materials include cadmium telluride (CdTe), copper indium gallium selenide (CIGS),
and amorphous silicon (A-Si). Although CIGS cells have achieved efficiencies of close
to 20% in the laboratory,® they have not replaced single crystal silicon on the
marketplace.

Organics based solar cells are known as ‘Generation 111’ cells and have been
researched for more than the past two decades. The first single hetero-junction solar cell
was reported by Tang in 1986 with a power conversion efficiency of 1%.™ Unlike single
crystal silicon cells, organic solar cells can be processed from solution and deposited on
large flexible substrates. The energy consumption during the manufacturing process of
these cells can be minimal, since solution processing requires close to ambient
temperatures.'? Successful development of organic solar cells will help to make solar
energy a viable and affordable option, moving the global energy portfolio towards
sustainable and low carbon emission sources.

There are several technologies that fall under the ‘Generation III” category, such
as bulk inorganic or multijunction solar cells, colloidal quantum dot solar cells, organic
photovoltaic cells (OPVs) and dye-sensitized solar cells (DSSCs).*? For the purpose of
this research, the latter two technologies will be discussed in detail, although the topics

will be of interest to the entire organics based solar cell community.
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1.1.1 Organic Photovolatics

Organic photovoltaics (OPVs) have the potential to significantly contribute to the
renewable energy portfolio due to advantages of using earth-abundant materials and low
cost of production. Recently reports have shown power generation current efficiencies
from 8-9%,"** which has resulted from development of new materials and molecular
architectures along with the advancement of the fundamental science framework to
enable rational design of devices.*®

The general architecture of the OPV is similar to that reported by Tang™". It
consists of two organic light absorbing layers, one with electron-accepting properties (A,
e.g. fullerene) and the other with electron-donating properties (D, e.g. copper
phthalocyanine) sandwiched between two electrodes. The highest occupied and lowest
unoccupied molecular orbitals (HOMO, LUMO) are the important electronic properties
of these semiconducting donor and acceptor molecules. One electrode is transparent,
usually a metal oxide such as indium tin oxide (ITO), and the opposite electrode has a
work function to promote current flow through the device. An important property of the
electrodes is their work function, defined as the energy difference between the Fermi
level (E) and vacuum.™® A general electronic structure for an organic semiconductor-
metal interface is shown in Figure 1.1. This schematic illustrates the alignment of the
energy levels as the organic semiconductor comes into contact with the metal or metal
oxide electrode. The energy shift between the vacuum levels (Eyac) is a result of the

interface dipole barrier and represented by (A).
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Figure 1.1 General electronic structure of organic semiconductor-metal interface. The
important properties of the metal are the Fermi energy (Ef) and the work function of the
electrode (®y) = the work function of the electrode. The organic semiconductor
properties are electron affinity (EA) and the ionization energy (IE). Each material has its
vacuum energy level (Eyac) and at the semiconductor-metal interface the vacuum shift as
a result of the interface dipole is represented as A. The energy of the charge neutral
species is denoted as Ecni, while the electron and hole injection barriers are ®g, and gy,

respectively. Reprinted from ref 16. Used from with permission from Elsevier.
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The photoconversion process of an OPV is shown in Figure 1.2 and can be
described in a four-step mechanism. The first step (1) is the absorption of a photon by
the donor molecule, generating a localized excited state. The charge neutral excited state
is an electron-hole pair or exciton which is bound by a Coulomb binding energy of ~1eV.
This localization of the exciton is the main difference between organic and inorganic
semiconductors where, for example, the binding energy of an exciton formed in a silicon
crystal is <0.1 eV."™ ' A key molecular requirement for (1) is a high molar absorptivity
covering a broad range of the solar spectrum.

After an exciton in the donor material is created, it diffuses to the donor-acceptor
interface, denoted as step two (2). This diffusion is limited by the distance the exciton
lifetime and its diffusion rate which is approximately <~10 nm in polymers.*? At the
donor-acceptor (D-A) interface, the energy offset of the LUMO levels drives step three
(3): exciton dissociation or charge separation. A competing process to (3) is charge
recombination. The charges are now located on separate molecules and migrate towards
the respective electrodes. Step four (4) is the electron and hole migration and collection
of charges at the interface.!” Charge carrier mobility should be high in order to move
charges rapidly from the D-A interface. The charge collection at the molecule-electrode
interface must also happen rapidly and if possible with charge selectivity to improve the

harvesting of specific charges (either holes or electrons).*®
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Figure 1.2 Schematic for the four step process in OPV photoconversion. The donor
material is denoted as D, while the acceptor material is denoted as A. Step (1) is the
absorption of a photon by the donor material and creation of an exciton. The exciton
diffuses to the D-A interface in (2), where it dissociates into free electrons and holes (3).

The charges migrate to the respective electrodes where they are collected (4).
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These processes highlight the complexity of the OPV architecture and the
challenge to improve the efficiencies at each interface throughout the cell. The overall
efficiency of the OPV (nige) can thus be broken down into the product of the efficiencies
of the individual events as shown in Equation 1.1 where the first step is absorption of
photons (na), followed by exciton diffusion (nep), then charge separation (ncs), ending
with charge collection (ncc).

NQe = MA X Meb X Mcs X TMcc (1.1)

The power conversion efficiency (1) shown in Equation 1.2 is the common metric
for solar cells, describing the output electrical power per unit of incident electromagnetic
radiation applied (Is).*>*" The experimental short-circuit current density (Jsc) and open
circuit voltage (Voc) are measured under illumination of the solar cell. The theoretical
Voc is defined by the offset between the HOMO of the donor and LUMO of the acceptor.
The experimentally determined Voc is generally smaller than the theoretical Voc due to
charge recombination reactions competing with forward electron transfer. The fill factor
(FF) is the ratio between the maximum power (Pmax) from the illuminated device and the
theoretical power defined by the product of Jsc and Voc.

]SCVOC
Is

n=FFx (1.2)

There are several strategies that have proved critical to improvement of OPV
efficiency, including development of low optical band gap materials to cover the broad
solar spectrum. Another research avenue is increasing the HOMO of donor and
decreasing the LUMO of the acceptor to increase the Voc. Others have investigated

controlling the D-A microstructure to decrease exciton diffusion distances, moving away
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from the planar heterojunction cell as first documented by Tang!, and towards bulk
heterojunction platforms. Finally, studies have also focused on interlayers at the
electrode-molecular interface in order to increase the metal oxide conductivity, match
electrode work functions to the molecular semiconductors and to increase the degree of

charge selectivity at the electrode.™

1.1.2 Dye-Sensitized Solar Cells

The main difference between OPVs and dye-sensitized solar cells (DSSCs) is that
the OPV solid-state architecture forms heterojunctions between materials to separate the
exciton into two charge carriers, while the DSSC utilizes a nanocrystalline semiconductor
and liquid electrolyte to separate and transfer charges. DSSCs were first introduced by
O’Regan and Gritzel in 1991 and for the past twenty years strides have been made to
improve stability and photoconversion efficiency. Research labs have demonstrated
efficiencies of 11% for single junction DSSCs with conventional materials?® and as high
as 12.3% with unconventional materials.** As with OPVs, controlling the many
interfaces within DSSC devices is paramount to advancing this technology.*

A schematic of a DSSC is shown in Figure 1.3. There are typically five major
components of a DSSC: a transparent electrode, a nanocrystalline semiconductor film, a
sensitizer dye adsorbed to the semiconductor film, an electrolyte with a redox mediator
and a counter electrode. The transparent electrode is usually a conductive metal oxide.

The semiconductor film is typically nanocrystalline TiO, due to its low cost, large band
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Figure 1.3 Schematic of a dye sensitized solar cell (DSSC). Light is absorbed by the
sensitizer adsorbed to the nanocrystalline TiO; film. The electron is injected into the
TiO, and transported to the transparent conductive oxide (TCO) electrode where the
charge is collected. The photooxidized dye is regenerated by the iodine (I"). The

triiodine (I3") diffuses to the counter electrode where it is reduced back to I".
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gap and high surface area to allow for a large quantity of dye adsorption. The common
sensitizers used in DSSCs are ruthenium (Ru) complexes and the redox couple is
triiodide/iodine (157 I'),>*® although successful investigations in the past 2 years have

focused on a Co"""tris(bipyridyl) redox complexes?®2*

in conjunction with an array of
dye sensitizers that do not contain ruthenium.®

The process for photoconversion is diagramed in Figure 1.4 and begins with the
sensitizer absorbing light followed by injecting its excited state electron into the
conduction band (CB) of the semiconductor, generating the oxidized form of the dye.
This is denoted as S* although the oxidized species are not necessarily positively charged.
The electrons flow through the nanocrystalline semiconductor to the back electrode
contact. This first step is referred to as ‘injection’. The ‘regeneration’ step is the
donation of an electron from the redox couple to the oxidized dye molecule, recovering
the ground state of the dye. The oxidized form of the redox couple diffuses toward the
counter electrode where it is converted back to the reduced form. The electrical circuit is
completed by the electron migration through the external load.?

The major requirements for the dye molecule are a high molar absorptivity, a
LUMO that aligns with the nanocrystalline semiconductor to allow for electron injection
and a HOMO that aligns with the redox couple to promote regeneration. Ideally, the dye
forms monolayers on the nanocrystalline semiconductor, eliminating the need for exciton
diffusion and diminishing the nonradiative quenching often encountered with multilayer

films. The high surface area of the nanocrystalline semiconductor is critical as it

increases the dye adsorption, enhancing the interaction with light through the cell.??
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Figure 1.4 Photoconversion energy diagram for a typical DSSC. Reprinted from ref 22.
Used by permission of the American Chemical Society.
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Finally, the redox couple, in addition to energetic alignment with the dye molecule to
regenerate the dye ground state, ideally should not accept electrons from the
nanocrystalline semiconductor. The oxidized iodide mediator, I3, fits this criterion.

In addition to the solar cell efficiencies (1) determined by Equation 1.2, another
important metric to evaluate the sensitizer dye is the incident monochromatic photon-to-
current conversion efficiency (IPCE).?* % Equation 1.3 shows this relationship as the
ratio between the number of electrons generated in the external circuit per incident
photons as a function of wavelength. This efficiency can also be written as the product of
the LHE()) or the light harvesting efficiency at a specific wavelength, the quantum yield
for injection (¢inj) and the efficiency of collection of electrons (#con). This relationship
highlights the importance of the transferring of charges at metal oxide-molecule
interface.?

Photocurrent density
Wavelength X Photo flux

IPCEQQ) = (1.3)

= LHE(A) X @inj X Ncou

As with OPVs, an approach to improving DSSC efficiency has been development
of dye sensitizers that absorb from the visible to the near-IR to closely match the solar
spectrum. Another research focus has been to replace the iodide mediator in order to
increase the voltage of the DSSCs. Recently, efficiencies exceeding 12% have been
accomplished with cobalt redox complexes in combination with a new design of
sensitizers which covalently bind an electron donor moiety (ie. diarylamine) with an
electron acceptor (ie. ethylnylbenzoic acid) through a & bridge (ie. zinc porphyrin),

referred to as a D-n-A molecule.? In addition to synthesizing molecules with optimal
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HOMO and LUMO levels to achieve the highest possible voltage, the research is focused
towards the fundamental understanding of interfaces to promote forward electron transfer
and to prevent competing charge recombination reactions. As with OPVs, the control
over the complex and abundant DSSC interfaces is critical to moving the organics based
solar devices towards commercially competitive efficiencies.

The research described herein is aimed at understating the properties which
contribute to efficient charge transfer at the molecular thin film-electrode interface of an
OPV. DSSC studies have focused much attention on optimizing charge injection
efficiencies at the dye sensitizer — nanocrystalline metal oxide interface. The chemical
questions addressed are pertinent to the molecular thin film-electrode interface and

therefore relevant discussions of DSSC challenges will be presented.

1.2 Structure — Charge Transfer Relationship

Unlike solar cells made of inorganic materials where charge carriers are
spontaneously generated after light absorption, organic based solar cells bring together
materials and molecules in multilayer structures to convert sunlight to energy. The
interfaces between these layers are essential to the efficiency of the cell because they
dictate the efficiency of electron and hole separation, migration and collection at the
electrodes. Researchers have outlined the optimal operation of each molecule and
interface in these devices. The requirements highlight the shortcomings of current

materials, but have led to fundamental investigations of what parameters at these
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interfaces play a role in improving charge separation, charge transfer and overall solar
cell efficiency.

In order to understand the how to optimize the device performance, it is necessary
to evaluate the current knowledge of the thermodynamic and kinetic nature of the charge
transfer processes at the interfaces. These principles have guided further research

strategies to control these interfacial properties and device efficiency.

1.2.1 Charge Separation

As described previously, all organic based solar cells have the significant step of
separating the Coulombically bound exciton into free charge carriers, (electrons and
holes). In OPVs, this charge separation happens at the molecular D-A interface, and in
DSSCs the dye sensitizer injects electrons into the nanocrystalline semiconductor film.
In order to transfer this charge there needs to be an energy offset between the LUMO of
the light absorbing molecule and the LUMO of the electron accepting molecule or the
conduction band of the semiconductor.

The exciton dissociation process in OPVs is not fully understood. An energetic
scheme of this process is given in Figure 1.5.*% The working description is that it is a two
step process involving a transition from the exciton state to a charge transfer state (CT),
where the hole sits on the HOMO level of the donor molecule and the electron is on the
LUMO level of the acceptor molecule. There are in close proximity and strongly
Coulombically bound, thus the CT state is lowest in energy. From the CT state, the

charges either recombine to reform the ground state or dissociate into free charge carriers
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Figure 1.5 Energetic scheme of exciton dissociation. Sy is the ground state and S; is the
singlet excited state. The charge transfer states where the hole is on the donor molecule
and the electron is on the acceptor molecule are shown as CT,, as the higher-energy state
and CT; as the lowest energy charge transfer state. The charge separated state (CS)

describes the free hole in the donor layer and the free electron in the acceptor layer. The

competing charge transfer rates are denoted as k.
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denoted as the charge separated state (CS). The energy level of the free charges is then
defined by the HOMO of the donor and the LUMO of the acceptor.*> %" According to
this scheme, the rates of charge separation must be faster than the rates of charge
recombination as well as radiative and nonradiative decays to achieve exciton
dissociation. Control over the electric field at these interfaces, by manipulating of the
charge carrier concentration in the acceptor material, has been shown to play an
important role in formation of the charge separated state.?

The dye sensitizers in DSSCs are covalently bound to the nanocrystalline
semiconductor film in monolayers usually through a carboxylate or phosphonate group.
The forward charge transfer process or electron injection into the nanocrystalline
semiconductor film competes with radiative and nonradiative decay of the dye as well as
quenching. Determining the conduction band of mesoporous TiO; is complex. The
protonation of the TiO,, as with most oxides, is dependent on the proton activity in the
surrounding medium. The changes in surface charge cause a Nernstian dependence on
effective pH, thus shifting the surface potential by 60 mV per pH unit when in aqueous
media.?® Surface charge is associated with conduction and valence band bending in bulk
metal oxides. However, in the case of mesoporous TiO,, the nanoparticles are too small
to support band bending under electron depletion, therefore the whole conduction band
shifts as a result.?? This can significantly affect the charge injection at the dye sensitizer-
semiconductor interface. Since many DSSCs are operated in organic solvents, the

determination of conduction band edges is more complex. The concentration of ions,
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mainly small cations such as lithium, can change the conduction band potential of TiO;
upto 1V.%

Electron injection efficiency is not solely dependent on the absolute kinetics of
the charge injection process, rather it is the combination of the injection kinetics and the
decay of the excited state to ground.?? Fast electron injection requires strong electronic
coupling between the LUMO of the dye sensitizer and the metal oxide conduction band,
as well as a large density of states energetically accessible in the TiO,. In model systems,
electron injection occurs in ~100 picoseconds,” where typical singlet excited state
lifetimes of dye sensitizers can vary greatly, from picoseconds to nanoseconds. Organic
dyes such as coumarin and porphyrins which do not include a heavy metal center, have
singlet state lifetimes of ~100 picoseconds to a few nanoseconds, and intersystem
crossing (ISC) from the singlet to the triplet excited state happens in nanoseconds. In
contrast, heavy metal containing compounds such as ruthenium complexes have very fast
ISC on the order of <100 fs, and therefore are usually considered as triplet sensitizers.
The triplet decays in these species on the order of tens to hundreds of nanoseconds.?
Although triplet states are longer lived compared to singlet states, ranging from
nanoseconds to milliseconds, they are less energetic and transfer to the TiO, may not be
possible.

In addition to radiative and nonradiative decay, quenching pathways are another
type of competing processes to charge injection. Dye aggregation on the semiconductor
film has been demonstrated to enhance quenching® as well as increase the probability of

reduction of the excited dye state by the oxidized redox couple in the electrolyte.
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Scientists have used these criteria to study and optimize the D-A interface as well
as the dye sensitizer-metal oxide interface to promote fast and efficient charge separation
and charge injection, respectively. The nature of these interfaces is complex and
therefore the fundamental understanding is still evolving. There is not one optimal set of
molecules to use in the devices. Rather, as one molecule shows promising results the
established relationship between the structure of the interface and efficient charge
transfer will help engineer the other components to achieve a device with high

performance.

1.2.2 Charge Regeneration

DSSCs differ from OPVs in that they include an electrolyte solution containing a
redox couple that regenerates the ground state of the dye sensitizer. This is also referred
to as a charge separation step in that it moves the charges in the cell further from one
another. As with the initial charge injection from the dye sensitizer into the
semiconducting film, there needs to be an energy offset to thermodynamically drive the
regeneration process. This is the energy difference between the midpoint reduction
potential of the redox couple and the HOMO of the dye sensitizer. The efficiency of this
step is evaluated by the rate of rereduction of the photooxidized dye by the redox couple
in comparison to the rate of charge recombination between the photooxidized dye and the
nanocrystalline semiconductor.?

The most commonly used redox couple is the triiodide/iodine couple due to the

energy alignment with common dye sensitizers and the fact that it does not readily accept
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electrons from the TiO, semiconductor film. The rate of regeneration is on the order of
~1 psec,? therefore it can compete with the charge recombination between the dye and
the semiconductor which is on the order of microseconds to milliseconds. The
mechanism of charge transfer between 1" and the dye is not fully understood, with data
suggesting schemes as either first or second order. Some factors influencing the rate of
charge regeneration are the concentration of the redox couple®® as well as the viscosity of
the solvent.* The kinetics of the regeneration reaction have also been shown to depend
on cations from the iodide salt that adsorb onto the TiO; surface. When smaller cations,
such as Li* and Mg?*, are incorporated into the DSSCs, as compared to bulkier TBA*
ions, faster regeneration rates are achieved.*

It is imperative to investigate the structure-function relationship at the dye-redox
couple interface, as well as the competitive nanocrystalline semiconductor film-redox
couple interface, in order to intelligently engineer efficient charge transfer and inhibit

charge recombination at these junctions, respectively.

1.2.3 Charge Collection

The final step in photoconversion is the collection of charges at the electrode
contacts. The charge transfer at the electrode-molecule interface in OPVs is critical for
the efficiency of the device, although the nature of the process is also not well
understood. The common transparent conducting oxide used in OPVs is indium tin oxide
(ITO) because of its good conductivity (1 x 10* Q@ cm™), high transparency in the visible

region (90%) and adhesion to substrates, such as glass or flexible substrates.*® 1TO, like
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other contacts used in OPVs, is heterogeneous in both ohmicity and composition.
Coupling these contacts to active materials with low charge mobilities proves detrimental
for OPV performance.

In addition, ITO and other metal oxides are hydrophilic in nature rendering them
chemically incompatible with the active layers which are typically non-polar organic
materials.'®*" Controlling the surface energy and wettability of the electrodes in addition
to tuning the work functions has spurred research in electrode modification. 1TO has
been modified with self assembled monolayers (SAMs),* chemisorbed small molecules

such as carboxylic acids, phosphonic acids and thiols,>"**

as well as conductive polymers
such as poly(3.4-diethoxy-thiophene):poly(styrene-sulfonate) (PEDOT/PSS)* to tune the
electrode-molecule interface and overall showed improved device performance.*’

As with the other charge transfer processes in the OPV, the charge collection is in
competition with processes such as charge recombination and annihilation pathways.
The Kinetics at each of the electrodes, one collecting electrons and the other collecting
holes, should match each another for optimal device efficiency. Interlayers are materials
that have been used to modify the electrode surface in order to improve OPV efficiency.
Some interlayers include doped small molecules, conductive polymers such as
PEDOT/PSS or metal oxides.” Interlayers are important to improving the chemical
composition of the electrodes, but an additional approach is including a degree of charge
selectivity in order to increase the rate of charge harvesting at the interfaces.’® Some

metal oxides such as TiO, and ZnO are potential interlayer materials for OPVs to act as

electron collection interlayers.
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The charge collection in a DSSC is based on a diffusive process at both contacts.
The oxidized redox couple must diffuse through a solution to the electrode to be
rereduced. The viscosity and concentration of the electrolyte solution play a role in the
rate of electron transfer to the photooxidized dye sensitizer, and rate of converting the
oxidized redox couple to the reduced form.**

After the electron is injected into the nanocrystalline TiO; film, it must diffuse
through the mesoporous network towards the transparent conductive oxide. The
efficiency of charge collection is high when the charge transport through the TiO, occurs
at a faster rate than the recombination of the injected electron with the photooxidized dye.
The transport of charges through the TiO; is greatly influenced by sub-bandgap states
which can trap electrons. Raising the Fermi level of the TiO, towards the conduction
band/ fills the trap sites and allows for faster transport through the network to the
electrode contact.”” **

Like the other processes and interfaces in OPVs and DSSCs, charge collection
with these complex materials is also not well understood. Properties at these interfaces
have and continue to be investigated in order to better define the role of the molecular
structure in the charge transfer Kinetics. In both of these complex, multilayer devices, the
efficiency of each interface is defined as the ability to promote forward charge transfer
before the competing charge recombination or quenching reactions occur. The energetic

alignment only is one piece of this equation. The other is the nature of the two unique

materials forming an interface where the electronic coupling, among other properties,
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dictate the rates of charge transfer. Therefore it is crucial to understand the fundamental

nature of these interfaces in order to engineer the most efficient devices.

1.3  Strategies to Control the Interfaces

Due to the complex nature of solar cells, the efficiencies rely heavily on the
individual charge transfer events at the variety of interfaces. It is clear that although
molecules and electrodes demonstrate certain properties as individual species, in solution
for example, creating a solid-state heterogeneous device with these same molecules does
guarantee an efficient device. Scientists have developed strategies to control important

%9.43 glectronic

interfacial properties such as the morphology,* chemical nature,
properties™ and molecular orientation** to promote efficient charge transfer and to hinder
charge recombination. As will be evident in the following examples, the charge transfer
processes at the interfaces are not well understood. Therefore it is essential to conduct
fundamental studies and be mindful of measurement and experimental limitations. The

important parameters regarding charge transfer must then be optimized in order to

produce an efficient organic based solar cell.

1.3.1 Morphology
Morphology plays a key role in the structure of the OPV and DSSC devices. The
morphology can influence how molecular orbitals align and determine the electronic

properties at surfaces. Controlling the morphology sheds light on ways to improve
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device efficiency when considered in conjunction with the other factors influencing the
structure-charge transfer relationship.

In an OPV, upon photoexcitation of the donor molecule and creation of the
exciton, diffusion towards the D-A interface is limited by the lifetime of the exciton. A
diffusion distance of 10 nm is typical before decay occurs.® The planar heterojunction
geometry is not ideal for these diffusion lengths, as a common donor species such as
copper-phthalocyanine (CuPc) would only have a light absorption efficiency of 14% or
26% for a single or double pass device, respectively. The optimal light absorption
efficiency to balance the exciton diffusion is 86%-95%." Today the highest efficiency
OPVs are achieved by mixing the semiconducting donor and acceptors to form a bulk
heterojunction (BHJ). The first demonstration of this adaption was in 1991 by
Yokoyama and co-workers via codeposition of two molecular materials.*> In 1995 the
Heeger research group made mixed donor and acceptor blends to deposit attaining
efficiencies of 2.9%.%

In a BHJ, the interpenetration of the donor and acceptor molecular blends creates
a large D-A interface to ensure short exciton diffusion distances and as a result, exciton
dissociation has a high quantum yield. The morphology of the molecular domains,
defining the interface between the donor and acceptor materials, plays an important role
in exciton dissociation but also in electron and hole transport away from the interface to
prevent charge recombination. With molecular modeling, assigning exciton diffusion
lengths from 10-20 nm, it was determined that for the best OPV performance, the optimal

domain size in the phase separated morphology should be less than 50 nm.*® In another
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study that investigated the phase segregation, varying the thicknesses of mixed donor and
acceptor molecules showed that finer BHJ morphology obtained in the thicker films
resulted in a greater degree of charge separation between the species. This study took
into account the exciton quenching via the electrodes which does not result in electrical
current.”’

The phase separation and crystallinity of the active layers of the BHJs are
important for charge separation and charge transport towards the electrodes. So in
addition to the requirements that the D-A interface must have an offset between the
LUMO levels to allow for exciton dissociation, the D-A interface must have a
morphology to ensure short exciton diffusion distances and rapid charge migration to the
electrodes.*

The nanocrystalline semiconductor films in DSSCs, typically TiO,, have been
used from the onset to create a high surface area platform for adsorption of the dye
sensitizers and to create a continuous network for charge transport to the electrode
contact.”® As described in Section 1.2.1, the properties of the nanocrystalline metal oxide
do not mirror behavior of a bulk metal oxide film in regards to surface charges causing
changes in the conduction band of the semiconductor. Galoppini and co-workers have
recently investigated TiO, nanotube arrays (NTAS) as an alternative morphology to the
nanocrystalline films.*® Zinc porphyrins were tethered to the inner diameter of the
nanotubes and the incident photon-to-current efficiencies (IPCE) were measured. The
IPCE values compared favorably to literature values of the best performing DSSCs with

nanocrystalline films. It is hypothesized that the vectorial injection of electrons is more
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efficient pathway to the electrode contact, as a result of the controlled NTA morphology.
The photoelectrochemical performance was also assessed as a function of inner nanotube
diameter. The largest diameter of 120 nm was found to perform better than the ~55 nm
and ~70 nm diameter nanotubes and has been attributed partially to better accessibility
for the triiodide/iodine redox couple to regenerate the oxidized dye molecules.*®

These examples of controlling the morphology demonstrate that it has a direct
impact on the charge separation, transport and collection in organic solar cells. More
investigations are needed to build the entire picture of the structure-charge transfer

relationship and work towards increased solar cell efficiencies.

1.3.2 Chemical Nature

It is well known that the chemical properties of OPV and DSSC interfaces play a
role in efficient charge transfer and charge collection. Strong electronic coupling is
necessary between molecules for charge transfer to occur, and this coupling is dictated by
overlapping of molecular orbitals. The chemical nature of the D-A and the electrode-
molecule interface also affect the compatibility of the components, which has proven to
be important in BHJ OPVs. Strong intermolecular interactions such as dipole-dipole and
Van der Waals interactions between the electrode and molecular films are important for
long term stability and coupling at the interfaces.® It is important to control these
properties to promote forward transfer of charges in devices.

As previously discussed, ITO is the typical transparent conducting oxide most

frequently used in OPVs, despite chemical incompatibility with most non-polar organic
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active materials. The surface of ITO, like other metal oxides, is hydrophilic with exposed
polar oxo and hydroxyl groups.*®* Hotchkiss et al. investigated surface modifications with
a series of phosphonic acid functionalized small molecules (fluorinated benzyl) to control
the wettability and tune the ITO work function by adjusting the molecular surface
dipole.** An adsorbed molecule with the negative pole directed outwards resulted in an
increase in the local work function, where a negative pole pointing inward showed a
decrease in the local work function of ITO. The work function was effectively tuned by
~1.2 eV depending on the molecule used, which matched well with the theoretical
calculations. The surface energy of ITO was lowered from 56 and 71 mJ/m? (detergent
and oxygen plasma cleaned, respectively) with this family of small molecules to
relatively similar energies (35-38 mJ/m?). This demonstrated that the work function can
be quasi-independently tuned from the surface energy.*® This adjustment of the
interfacial properties may have a significant impact on the chemical and thermodynamic
aspects of interfacial charge transfer.

The charge injection process in DSSCs is relies on the energy level alignment of
the dye sensitizer and the nanocrystalline semiconductor film, and is in competition with
the excited state decay and quenching reactions. Typically, aggregation of dye sensitizers
is avoided due to increased probability for quenching,* but research by Watson and co-
workers has demonstrated with chalcogenorhodamine dyes that H-aggregation leads to
increases in light harvesting efficiencies and electron injection yields.** The adsorption
of the dyes to the surface of the nanocrystalline TiO, was through a carboxylated thienyl

group which controlled the molecular orientation of the molecules on the surface.
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Although the more studies need to be conducted to investigate these results, they
hypothesized that the 2-to-3 fold charge injection yield may arise from the excited state
charge migration through the monolayers of H-aggregated dyes to find localized TiO; hot
spots. Another possibility could be the higher-energy excited states of the H-aggregated
dyes or a possible increased charge-separated state lifetime to compete with the charge
recombination reactions.** These studies highlight the utilization of control over
molecular orientation to control the extent of dye aggregation on the surface. Both of
these properties have direct impacts on the charge transfer process at this interface.

In DSSCs, the dye sensitizers are covalently bound to the nanocrystalline
semiconducting metal oxides typically through either a carboxylate or phosphonate
group. It has been demonstrated that a delocalization of the dye’s LUMO orbital over the
carboxylate anchoring group helps to promote electron injection into the metal oxide.*® °
Although the phosphonate group has shown the most stability in aqueous electrolytes,*
the carboxylate group is the most widely used and demonstrated the highest DSSC
efficiencies.”?® Willig and co-workers found time constants of 13 and 28 fs for electron
transfer when studying carboxylate and phosphonate anchoring groups, respectively.®!

Another factor that has been shown to affect the charge injection rate is the
conjugation of a spacer between the dye and the anchor group. One study demonstrated
that with a -CH2-CH2- spacer between the perylene sensitizer and the carboxylate
tethering group, the charge injection time constant slowed to 57 fs, where without the
spacer or with an unsaturated spacer -CH=CH-, the electron injection time constant was

13 fs.>? Other systematic studies have shown that the increase spacer length of
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unconjugated linker groups, positioned between the dye and the anchor group decrease
the injection rate due to the greater through space tunneling distance between the dye and
the semiconductor film.>®* A new approach to DSSC sensitizers is to employ a covalently
bound D —n- A to incorporate hydrogen bonding to increase electron injection at the
metal oxide interface.>*

The chemical nature of these interfaces impacts the charge transfer because it
influences the overlap of molecular orbitals, surface energies and ultimately the energy
alignment and rates of charge transfer. The complexity of the interfaces, molecules and
materials within these devices requires attention to the fundamental principles in order to

engineer efficient solar cells.

1.3.3 Electronic Properties

The electronic nature of the electrodes and interfaces in OPVs and DSSCs are
important to the charge transfer events. The energy alignment between all the materials
and molecules in the OPV and DSSC must be suited to move electrons in one direction to
achieve a photocurrent. This is evident in the energy level diagrams in Figures 1.2 and
1.4. As discussed previously, the HOMO and LUMO levels of the semiconducting
molecules and the work functions of the electrodes can be determined as individually, but
this often does not reflect the behavior as solid-state multilayer films are formed.

For OPVs, simple theoretical predictions for ideal solar cell behavior often
assume that the electrode contacts are homogeneous and ohmic over a large area. In

practice, the heterogeneity both in ohmicity and composition of typical electrodes (ITO
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for example) in an OPV platform result in higher degrees of charge recombination and
overall decreased efficiencies. The ideal process for any photovoltaic platform is that
the rate of electron collection at one electrode matches the rate of hole collection at the
opposite electrode. Interlayers between the electrode-molecular interface could offer the
benefits of compositional and electrically control to improve charge harvesting.
Depending on the electronic nature, the interlayers have the potential to provide
thermodynamic and kinetic charge selectivity at these critical interfaces.®

In section 1.3.2 the surface modification of ITO had an impact on the surface
energy, thus the wettability of the electrode but it also served to tune the work function.*
This demonstrates how closely tied these properties are to one another. A change in the
chemical nature of the interface also affects the electronic structure.

This charge selectivity as discussed for OPVs already plays a major role in
DSSCs, utilizing nanocrystalline semiconducting films such as TiO, and ZnO for electron
collection.”® The large bandgaps of these materials align with the dye sensitizer and have
demonstrated relatively insufficient alignment to donate to or accept electrons from the I3’
/I" redox couple. In order to increase the Voc, DSSC research is moving towards
replacing 157" with a redox couple with a more positive midpoint potential (E®), such as
Co""tris(bipyridyl).??® The energetic alignment between this redox couple and the
semiconductor increase the possibility for charge recombination, therefore it has been
proposed that a future strategy would be adding an insulating layer to the TiO, to

diminish the charge transfer at this interface.?
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1.3.4 Molecular Orientation

The molecular orientation of molecules at the metal oxide interface has already
been described to play a role in the aggregation of dye sensitizer molecules on TiO»,
leading to increased charge injection rates.** Other scientists have recognized that the
distance between the molecule and the metal oxide, as determined by molecular
orientation is an important factor in controlling the through space electron transfer.

As previously discussed, Galoppini and co-workers investigated TiO, nanotube
arrays (NTAS) to investigate a different morphology of the semiconductor film, but they
also examined the dye sensitizer binding, aggregation and molecular orientation on the
IPCE. They used a series of zinc-(tetraphenyl)porphyrins with carboxylic acid anchor
groups positioned at different carbon bonds of the phenyl ring to control the adsorbed
molecular orientation. The porphyrins that gave the best photocurrent conversion were
designed to adsorb to the TiO, NTAs in a ‘spider-like’ fashion, with porphyrin ring in-
plane to the metal oxide surface.*® The increased IPCE is not fully understood, except
with the conclusion that molecular orientation plays a role in efficient charge transfer.

Charge transfer rates of a zinc phthalocyanine bound to ITO as a function of

orientation and aggregation were studied by Lin et.al.*’

The monolayers were formed on
ITO via a phosphonic acid group and contained aggregated and monomeric populations
with a distribution of molecular orientations. Electrochemical and
spectroelectrochemical measurements demonstrated that the aggregated species exhibited

faster charge transfer rates as compared to the monomeric species, largely in part to the

lower reorganization energy needed for electron transfer of the aggregate to the ITO.
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Potential-modulated attenuated total reflection allowed for orientation-dependent charge
transfer to be measured, showing that the in-plane aggregates had a 3-fold faster transfer
rate than the upright aggregates.®” The ITO heterogeneity plays a role in the distance of
the macrocycle of the molecule to the ITO. The through space electron tunneling
distance of the in-plane aggregate to the ITO was deemed shorter as compared to the
upright aggregate, which resulted in a faster charge transfer rate.

These studies help to examine the key properties associated with efficient charge
transfer. Researchers have controlled many aspects of the interfaces in order to

understand how these will affect solar cell efficiency.

1.4  Photoinduced Kinetics

Scientists have aimed to control the properties at these critical interfaces in order
to study the effects on the charge transfer and the solar cell efficiency. Photoconversion
is initiated by the absorption of a photon to promote an electron to an excited state. This
excited state may thermally decay or ISC to a triplet state. If the circumstances are
favorable, this high energy electron can move downhill in energy to occupy a lower lying
energy level of a different molecule or material. This thermodynamic process continues
until the electron is extracted or it decays back to the energy level of the ground state.
The movement of charges through the network of molecules creates a series of transient
species. In order to understand the predominant path of the charge takes through these
molecules and materials it is necessary to monitor the existence and lifetimes of the short-

lived, transient species. As evident through the studies described, properties such as
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morphology, molecular orientation, chemical and electronic nature impact the charge
transfer pathways, although the mechanisms are not fully understood. Therefore, it is
necessary to measure the transient species that result from photoinduced excitation as a

function of these properties.

1.4.1 Transient Absorbance Spectroscopy

In OPVs and DSSCs the forward charge transfer and competing pathways occur
on the order of femto- to milliseconds.'??* An ultrafast measurement technique is
required to monitor the migration of charges through the materials as well as the
formation of new species. Transient absorbance spectroscopy can be utilized to measure
these transient states.

Transient absorbance spectroscopy involves two sources of light, an excitation
and monitoring source. The excitation beam is a short, high energy laser pulse and
dictates the fastest time scale that can be detected. For example, a 5-7 nanosecond pulse
width allows for decay times of tens of nanoseconds to be measured. Typically, multiple
transient absorbance experiments are conducted at once and signals are averaged. In this
case, the repetition rate of the laser controls the slowest time scale that can be measured.
The individual transient experiment must be concluded before the next laser pulse arrives
to the sample. A laser with a 10 Hz repetition rate can take measure transient signals out
to 100 milliseconds. The monitoring beam can be either a steady state source or a probe

pulse. The steady state monitoring source is focused on for the purpose of describing of
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the transient absorbance principles. The probe pulse is used in ultrafast transient
absorbance instruments (~100 fs time resolution) and discussed in Appendix B.

The excitation laser pulse is absorbed by a fraction of molecules in the ground
state and promoted to an electronically excited state. If the excited states or transient
states have energetically allowed transitions, these species can absorb light from the
monitoring source. An energy level schematic of this process is shown in Figure 1.6.
The intensity of the monitoring beam is much weaker than the excitation source, so the
excited state population is not appreciably affected by the absorption of the monitoring
source.

The absorbance of the monitoring source is detected as a function of time. The
transient curves are reported as a difference absorbance, denoted as 44, as a function of
time at a single wavelength of light. Another way to present the transient data is with a
difference absorbance spectrum, with 44 as a function of wavelength at a given delay
time between the excitation and the monitoring beam.

There are several states that contribute to the 44 spectrum. The first is the ground
state bleach, which appears as a negative 44. When the excitation source interacts with
the molecules, a significant fraction is promoted to the excited state, depleting the ground
state. If the ground state becomes repopulated through the course of the experiment, the
transient curve as a function of time is referred to as a recovery curve. The second
potential contribution is the excited state absorption or a charge transfer product which is

a positive 44 in the spectrum. The 44 as a function of time can appear as an increase of
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Figure 1.6 Schematic of transient absorbance energetic diagram. The singlet ground
state is denoted as Sp. The laser light promotes a large fraction of molecule to the singlet
excited state (S1) where they can intersystem cross (ISC) to the triplet excited state (T )
or reside in the S; state. The light from the probe source is absorbed by the populated S;
or T, state where it is promoted to S, and T, electronic energy levels. The excited states

can then decay back to repopulate S.
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AA as the transient state is populated followed by a decrease which is associated with the
decay of the excited state or charge transfer product.

Typical transient absorbance measurements are conducted in a transmission
geometry. The pathlength of light or the sample concentration can be increased in order
to increase the sensitivity of the experiments. Scientists studying DSSCs adsorb dye to
nanocrystalline metal oxides materials to study dye sensitizer injection and recombination
kinetics.”> Although a monolayer of dye is adsorbed to the nanocrystalline metal oxide,
these experiments are unable to access specific interfacial properties of the molecular
film such as molecular orientation. The planar electrode contacts in OPVs pose different
challenges, since the molecules in the cell are in the solid-state. Charge transfer at the
molecular thin film/TCO interface is hypothesized to be controlled by the properties such
as molecular orientation, morphology, chemical environment and electrochemical contact
between the monolayer of molecules in contact with the TCO. An interface sensitive
technique must be employed in order to study the molecular thin film/TCO interface
relevant to the OPV geometry. In this research, an instrument was developed coupling
transient absorbance spectroscopy (TAS) to attenuated total reflectance (ATR)
spectroscopy in order to improve our understanding of the structure-function relationship

at the molecular thin film/TCO interface.

1.4.2 Total Internal Reflection
Attenuated total reflection (ATR) spectroscopies are used understand the

properties at interfaces.”® ATR is based on the total internal reflection phenomenon
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which occurs when light passes from a high refractive index material (n;) to a lower
refractive index material (n)2) at an incidence angle that is equal to or greater than the
critical angle. The critical angle (6¢) is defined by Snell’s law shown in equation 1.4.
M1 sin Oc =12 sin 90° (1.4)
The ATR geometry is shown in Figure 1.7 where light is coupled into the internal
reflection element (IRE) with a prism and at each reflection at the substrate/medium
interface, an evanescent field extends into the medium with an exponential decay. The
depth of penetration into the medium is defined in equation 1.5 and is dependent on the
angle of internal reflection (6;), the indices of refraction of the IRE (1) and medium (1)
and the wavelength of light ().>
dp = (W4mn,) [sin°6-(na/m) ™ (15)
Due to the evanescent decay, ATR spectroscopy is highly surface sensitive, as
molecules closer to the surface attenuate the light to a greater extent than those in further

into the bulk, beyond the evanescent field.
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Figure 1.7 Schematic of the ATR geometry and the evanescent field. Light is coupled
into and out of the internal reflection element (IRE) via prisms. The internal reflection
angle is denoted at 6;, the indices of refraction of the IRE and the medium are 1, and 13,

respectively. The depth of penetration is denoted as dp,
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1.5  Overview of Experiments

The research described in this dissertation investigates the properties that
contribute to efficient charge transfer at interfaces. The measurements of the kinetics
specifically at the interfaces required the design and evaluation of an innovative
instrument, coupling transient absorbance spectroscopy to the ATR geometry. The most
sensitive measurements of this type to date were achieved by measuring the photoinduced
kinetics of submonolayer films of bacteriorhodopsin (Chapter 2).

The molecular thin film/TCO interface was studied with zinc porphyrin molecules
tethered to ITO (Chapter 3). The electrochemical, molecular orientation and surface
coverage properties for zinc porphyrin adsorbed to 1TO through a carboxylic acid and
phosphonic acid group were characterized. These data indicate significant aggregation of
the zinc porphyrin on the ITO. The inability to monitor charge transfer Kinetics at the
zinc porphyrin-ITO interface, even when presumably controlling the driving force with
applied potential, led to the hypothesis that the excited state kinetics of zinc porphyrin
were altered as a result of its local molecular environment. Monolayer and multilayer
thin films of zinc porphyrin were investigated in order to understand the effects of the
solid-state composition on the excited state lifetimes. The zinc porphyrin aggregation
possibly affects the triplet state decay, intersystem crossing efficiency, and the potential
for interporphyrin electron and energy transfer. Overall, zinc porphyrin was found to be
more susceptible to quenching as a result of aggregation as compared to palladium

porphyrin.
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Photoinduced charge and energy transfer are also important in other
photoconversion processes such as water-splitting. As with OPVs and DSSCs, the
forward charge transfer competes with the decay and recombination pathways. One
strategy to control the charge transfer at the interfaces is to create an organized molecular
assembly where the electron transfer path is well-defined. Inorganic nanosheets are a
unique material utilized in recent years in multilayer films which can control
intermolecular distances as well as participate in the electron transfer process.®**° The
role of the nanosheets in the charge transfer process between an electron donor
(palladium porphyrin) and electron acceptor (poly(viologen)) on a planar geometry was
investigated. The incorporation of nanosheets without the electron acceptor led to
stabilization of the porphyrin triplet state. Although concrete evidence was not achieved
for charge transfer, when the ‘active’ nanosheets were treated to presumably align their
band energy between the band energies of the electron donor and acceptor, significant
guenching of the palladium porphyrin triplet state was observed, suggesting nanosheet
participation in charge transfer. The complexity of these molecular solid-state films, i.e.
their chemical properties and intermolecular interactions, highlight the importance of
gaining a fundamental understanding of their effects on photoexcited state and charge

transfer processes. (Chapter 4).
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2. MEASURING PHOTOCHEMICAL KINETICS IN SUBMONOLAYER
FILMS OF BACTERIORHODOPSIN AND EVALUATION OF TRANSIENT ATR

INSTRUMENT PERFORMANCE

2.1 Introduction

As discussed in Chapter 1 a major goal of this research is to develop an analytical
tool to understand the reaction kinetics of molecular thin films. Transient absorbance
spectroscopy (TAS) combined with attenuated total reflectance (ATR) spectroscopy in a
multiple reflection planar waveguide geometry is an effective strategy to increase the
optical pathlength of the thin film absorbance measurements. As a first step, the
performance of the instrument was evaluated using a thin film composed of purple
membrane (PM) fragments containing bacteriorhodopsin deposited onto PDAC, a

positively charged polymer.

2.2 Transient Absorbance / ATR Instrumental Set-up

2.2.1 Instrumental Diagram

The design of the TAS/ATR instrument is illustrated in Figure 2.1. It was constructed in
part from selected components of a commercially available waveguide spectrometer
(S1S-5000, System Instruments, Japan) and a TAS instrument (Proteus, Ultrafast
Systems). The pump source is a Nd:YAG pulsed laser (Continuum) at 532 nm, with a

pulse width of 5-7 ns at 10 Hz. The probe beam is a Xe lamp (Newport) coupled to a
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Figure 2.1 Schematic showing major optical components of the TAS/ATR instrument.
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monochromator. Focusing optics are used to couple the pump and probe beams into a
bifurcated optical fiber bundle where the common output is directed through a polarizer
and into the end face of the planar waveguide. The polarizer is used to select transverse
electric (TE) or transverse magnetic (TM) polarized light. The waveguide substrate is a
200 pum thick quartz slide with the end faces polished at an internal angle of 60° (Systems
Instruments, Japan).

A second optical fiber collects the light exiting the waveguide and directs it to a
Si photodiode detector. A 532 nm notch filter attenuates the excitation pulse along with a
bandpass filter with a transmission maximum at the monitoring wavelength. The detector
output signal is amplified with a variable gain current amplifier (FEMTO) and recorded
on a digital oscilloscope on which multiple traces are accumulated for signal averaging.
The resulting Kinetic trace is converted to a difference absorbance through the Proteus
software and the curve is fit with the program Surface Xplorer (Ultrafast Systems).

The planar waveguide is mounted on the x-y stage of the SIS-5000 spectrometer.
The launch and collection optical fibers are mounted on goniometers in the spectrometer,
which allows the launch and collection angles between the optical fibers and the
waveguide to be adjusted independently. The SIS-5000 is also equipped with an internal
Xe lamp and CCD detector that allow steady-state ATR spectra to be measured
independent of the TAS portion of the instrument. The components of the transient ATR

instrument are labeled in the picture in Figure 2.2.



Figure 2.2 Transient ATR (Proteus) bench and components.
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2.2.2 Design of the Flowcell

A custom fabricated flow cell allows solutions in contact with the upper surface
of the waveguide to be exchanged. A diagram of the flow cell is outlined in Figure 2.3.
The design of the flow cell had to account for lack of translation in the z direction in the
SIS-5000 spectrophotometer. Other considerations were exposing the polished edges of
the quartz slides and obtaining a long interaction path of the film with the waveguide. A
picture of the flow cell mounted in the SIS-5000 spectrophotometer is shown in Figure

2.4.

2.3  Experimental

2.3.1 Purification of Purple Membrane Fragments

PM fragments were isolated from Halobacterium salinarium (ATCC #29341)
using standard procedures.®® The freeze-dried bacteria were suspended in a cassin
medium (4.3 M NaCl, 83 mM MgSQ,, 27 mM KCI, 10 mM trisodium citrate, 10 g/L
Oxoid Bacteriological L-37 or Bacto-Peptone, Difco Technical Grade peptone). The
bacteria was divided into aliquots containing 0.5 mg of bacteria and stored at -80°C. The
growth medium is also the cassin medium. The medium was autoclaved and set up in a
paraffin bath at 40°C. An aliquot of the bacteria was added to the medium and stirred
with a stir bar. A white light shined directly on the culture, and was set on a timer for 12-

hour on/off cycles.



Aluminum top

Quartz slide z

Polymer cell .1—111!51 and outlet

Aluminum base

Frontview

Side view

{ | a—

Top view
Poivmercell
@® @ L] @
. Liquid compartment .
AN
® [ ] ® ® Orng

Alumitium top

Top view C )

sideview [

Figure 2.3 Diagram of flowcell for SIS-5000 spectrophotometer.
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Figure 2.4 Custom fabricated flowcell mounted in the SIS-5000 spectrophotometer.
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The growth of the bacteria and protein was monitored by transferring aliquots of
the culture into a cuvet and measuring the absorbance with a UV-Vis spectrophotometer
(SI Photonics) at the wavelengths of 660 nm and 560 nm, respectively. The grown
culture itself appears pink in color. The bacterial culture was grown for 2 weeks, at
which point a 1 mL aliquot was added to a new flask of medium to start another culture.
The bacteria cells were harvested by centrifugation for 15 min at 13,000 g at 4°C. The
cells were suspended in a basal salt solution (cassin medium without peptone) and 600
units of DNase (Sigma #D5025) were added. The cells were lysed by dialyzing (6-8,000
MWCO membrane) overnight against 0.1 M NaCl at 4°C. The red lysates were washed
by centrifugation at 40,000 g for 40 min at 4°C, after which the red supernatant was
decanted and the reddish purple sediment was suspended in 0.1 M NaCl. This was
repeated for a total of 3 centrifugations.

The supernatant at the end of this process appeared colorless. The sediment was
then suspended in nanopure water and washed in this same fashion another 3 times,
discarding the supernatant and suspending the sediment. The final sediment was
suspended in a small volume of nanopure water and layered over a sucrose gradient
(30%-50%). The sucrose gradients were centrifuged for 17 hours at 100,000 g at 4°C.
Figure 2.5 shows an example of one of the tubes after the centrifugation. The large
purple band in the middle has the highest amount of pure protein at the buoyant density
of 1.18g/cm?®, so this was collected first. A smaller purple band at a higher density was

sometimes present. This band was also collected but kept separate from the other protein.



Figure 2.5 Band of purple membrane fragments after sucrose gradient centrifugation.
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The protein bands were collected into separate centrifuge tubes and the sucrose
was diluted by adding nanopure water and centrifuging at 50,000 g for 30 min. The clear
supernatant was poured off and the purple membrane (PM) fragments were suspended in
nanopure water and diluted/centrifuged for a total of 4 times. After the final
centrifugation, the PM fragments were suspended in 50 mM HEPES buffer, pH 8.0.

UV-Vis spectroscopy was used to determine the purity and concentration of the
PM fragments. The ratio of 280/560 nm gave a value for purity around 2.0. A UV-Vis
spectrum of the purple membrane fragments is shown in Figure 2.6. The concentration
was determined using the molar absorptivity of bacteriorhodopsin of 63,000 M*cm™ at
563 nm°* and the molecular mass 26 kD. The protein concentration used for the

experiments was 0.5 mg/mL.

2.3.2 Background to Layer by Layer (LbL) Assembly

Electrostatic layer by layer assembly is a convenient method to create multilayer
films with directional control. This method was first developed by Decher and Hong in
1991.%2 The polyanions and polycations are sequentially adsorbed to a substrate and
allow for small, charged molecules to adhere to the substrate surface. One challenge is
that when depositing linear polyelectrolytes, the layers mix and the molecular boundaries

are described as “fuzzy”.®
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Figure 2.6 An example UV-Vis spectrum of PM fragments after purification. The ratio

of the absorbance of 280/560 is used to determine the purity. This ratio represents the

protein purity, and generally has a value close to 2.0.
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2.3.2a Film Preparation by Electrostatic Layer by Layer Deposition

The quartz waveguides were cleaned with 2% Micro90® cleaning solution
(International Products Corporation), rinsed with water (Barnstead Nanopure system, 18
MQecm resistivity), soaked in piranha (7:3, sulfuric acid: 30% hydrogen peroxide) for 15
minutes, rinsed with water and dried under a N stream. The slides were cleaned
immediately prior to use. A 2 mg/mL solution of the positively charged polyelectrolyte,
poly(diallyldimethylammonium chloride) (PDAC, Sigma Aldrich, average MW 200,000-
350,000 g/mol, dissolved in water) was prepared in 50 mM phosphate buffer, pH 6.8, 0.5
M NaCl. The cleaned waveguide was exposed to the PDAC solution for 5 minutes, then
thoroughly rinsed with water and dried with a stream of N,. The flow cell was assembled
and filled with 50 mM HEPES buffer, pH 8.0. A reference spectrum was acquired before
injecting PM fragments (0.5 mg/mL) into the flow cell. After incubation for 30 minutes,
the flow cell was then rinsed with 50 mM HEPES buffer pH 8.0, generating the adsorbed

PM film. The electrostatic layer by layer film is depicted in Figure 2.7.

2.3.3 Steady State ATR
Due to the low signal quality of the CCD in the SIS-5000 instrument, the spectra
were acquired on the separate CCD camera (Andor) that was connected to a

monochromator (Newport).
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Figure 2.7 lllustration of electrostatic layer by layer deposition of PDAC/PM fragments
on quartz substrate.
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2.3.4 Transient Spectroscopy (ATR and Solution)

The operation of the Proteus transient absorbance instrument is described in
Appendix A. The solution and ATR transient experiments conducted here utilized a 410
nm bandpass filter immediately before coupling into the photodiode. This is illustrated as
position k in Figure 2.2. The variable amplifier was set to high speed setting with gains

of 10* and 10° for the solution and ATR experiments, respectively.

2.3.5 Ellipsometry

A silicon wafer with aluminum backing was cleaned in the same fashion as the
quartz waveguides, and then a PDAC/PM fragment film was deposited as described
above. After deposition of the PM fragments, the film was rinsed with 50 mM HEPES
buffer pH 8.0 and blown dry with a stream of N,. Measurements were taken on the
cleaned wafer and after application of each adsorbed layer using a Sentech Instruments
GmbH ellipsometer at 632.8 nm and an incident angle of 70 degrees. Three
measurements were acquired and averaged in different locations on the wafer. To
estimate film thickness, the following real (n) and imaginary (k) indices of refraction
were used: (1.46, 0), (1.375, 0), and (1.52, 0.004) for the silicon, PDAC and PM
fragments, respectively. The real index of refraction for a PM film was determined by

|.64

Ormos et al.** The k value was calculated using & = 10,000 M™cm™ for the ground state

of bacteriorhodopsin at 632.8 nm.
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2.4 Results and Discussion

2.4.1 Molecular Orientation
PM fragment films were formed by electrostatic adsorption to a positively

charged polymer (PDAC) as described by Li et al.®®

A single adsorption cycle was used
to create films of relatively low bR surface coverage. Representative steady-state ATR
spectra measured in TE and TM polarizations are shown in Figure 2.8 and exhibit a
dichroic response, indicative of an anisotropic orientation distribution of retinal
chromophores in the PM film.

The dichroic ratio obtained from these spectra was used to calculate the mean tilt
angle of the retinal absorption dipoles in the PM film, as described in previous papers.®®
67
The mean tilt angle (8,,) of the absorption dipole of the retinal in PM fragment films is
defined relative to the surface normal. 6, was determined from the measured dichroic
ratio (p) at 563 nm as described in previous papers.®®” For a linear absorption dipole,

the dichroic ratio (p) is related to 0, by?8-%9

A E]
Ay Ef+2E;(cot™6))

where A¢te and A¢ v are the absorbances of the film in TE and TM polarizations,

respectively. Expressions for E,?, Eyz, and E,?, the electric field intensities along the x-,
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Figure 2.8 Steady-state ATR spectra of a PM film adsorbed to a PDAC film in TE (solid

line) and TM (dashed line) polarizations.
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y-, and z-axes, respectively, are shown in Equation 2.2a-c and are given in Lee and
Saavedra.®® The thin film approximation was used in order to solve for the electric field
intensities (Ex, Ey and E;), with values of 1.339 (HEPES buffer) for n; and 1.46 (quartz)

for ny.

4 cos? ﬁ(sin2 ﬁ—(Z—;f)

E? = — — — (2.2a)
T (G )Gy sz ()
2 =28 (2.2b)
-(32)
EZZ _ 4 cos? Bsin? B (2.20)

(-G )+ G) sim 5-G2)')
The calculation yielded a mean tilt angle of 68° from the surface normal. This

result agrees well with crystallography’® and polarized FTIR difference spectroscopy’

from which retinal tilt angles of 68.5° and 69°, respectively, from surface normal to the

PM plane were determined.

2.4.2 Surface Coverage
The retinal surface coverage in these films was estimated using two approaches
based on the ATR spectroscopy and ellipsometry. In the planar waveguide ATR

configuration, the absorbance of a thin film (Aj) is given by>" ®®

As= N(lelli) g (2.3)
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where where N is the number of total internal reflections that interact with the sample on
the waveguide surface, I¢/l; is the interfacial transmitted intensity per unit incident beam
intensity, &¢I the molar absorptivity of the chromophore in the thin film, and T is the
surface coverage. A experimental value for N(l¢/l;) was obtained by first measuring the

bulk evanescent pathlength (Lp) of the ATR instrument,

Ly = N(le/1;)dy (2.4)

where d,, is the depth of penetration.

2.4.2a Determination of Experimental Bulk Evanescent Pathlength
In the planar waveguide ATR configuration, the absorbance of a bulk-dissolved

chromophore (Ap) is given by>" %

Ab = N(Ie/Ii)dpgbe (2.5)

where N is the number of total internal reflections that interacts with the sample on the
waveguide surface, €,Cy is the product of the molar absorptivity and the concentration of
the chromophore, dj, is the depth of penetration, and I¢/l; is the interfacial transmitted

intensity per unit incident beam intensity. The bulk evanescent pathlength (Lp) is

Lo = N(Ie/1;)d (2.6)
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and is commonly expressed as evanescent pathength per unit distance of beam
propagation in the plane of the waveguide, with units of pm/cm. Expressions for d, and
for 1¢/1; in both transverse electric (TE) and transverse magnetic (TM) polarizations for a
two-phase system composed of two optically transparent media are given in the
references.’” ®® "% In the expressions, n; and n; are the refractive indices of the bulk
solvent and the waveguide substrate, respectively,  is the angle of total internal
reflection, and A is the wavelength.

The experimental Ly, values were determined by measuring the ATR spectra of a
series of solutions of bromophenol blue dissolved in phosphate buffer. When dissolved in
aqueous buffer, this chromophore does not adsorb to quartz and thus the concentration-
distance profile is constant throughout the evanescent volume.”

The following parameters were used in these experiments as well as those

involving PM fragment films :

B =73°
n1 (phosphate buffer) = 1.335
n, (quartz) = 1.46

waveguide thickness = 0.2 mm

interaction length along waveguide sampled by the totally reflected beam = 4.9 cm

Example spectra and calibration plots are shown in Figure 2.9. Dividing the slope

of each line in Figure 2.9B by &, for bromophenol blue (72,500 Mcm™ at 590 nm) yields
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N(l¢/1i)d,, which is the experimental value of L,. In TM and TE polarizations, L, = 16.4
um and 13.9 um, respectively. Ly, values can also be expressed as evanescent pathength
per unit distance of beam propagation in the plane of the waveguide, which are 3.3
um/cm and 2.8 pm/cm, respectively. Dividing Ly by d, at 590 nm (0.115 pm; calculated
using the expression given in the references®” °® ') yields values for N(I¢/I;) of 143 and

121, respectively.

2.4.2b Steady state ATR

Using the mean L, value (15.2 um) and dividing by d, (0.115 pm) yields N(l¢/1;)
= 132. Using &= 63,000 M cm™ for the molar absorptivity of retinal and taking As to be
0.05 (see TE- and TM-polarized spectra in Figure 2.5), the retinal T" is calculated to be 6

pmol/cm? from Eq 2.2.

2.4.2c Ellipsometry

To perform ellipsometry, PDAC/PM films were formed under identical conditions
on oxidized silicon wafers. The measured PM film thickness was 9.9 £ 0.9 nm (n=3). The
thickness of PM is reported to be 4.5-5 nm,” so the films formed here have an
approximate thickness of two membranes which is consistent with results from previous
work.®! The structure of a PM fragment is a 2-dimensional hexagonal lattice in which the

unit cell is a trimer of bR molecules, the unit cell dimension is 6 nm, and each bR
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Figure 2.9 (A) TM-polarized ATR spectra of bromophenol blue in 100 mM phosphate
buffer, pH 7. (B) Absorbance at the wavelength of maximum absorbance (590 nm) in TM

(—) and TE (- - -) polarizations.
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contains one retinal chromophore.” The bR trimer therefore has a projected surface area
of 31 nm? and a close-packed, two-layer film of PM fragments is calculated to have a
retinal " of 32 pmol/cm?,

Considering the ellipsometry and the ATR spectral data in tandem, the retinal " is
in the range of 6 — 32 pmol/cm?. This range is about a factor of 10 lower than that of a
close-packed monolayer of a small chromophore, which is about 200 pmol/cm?. The
discrepancy between the surface coverages obtained by ATR spectroscopy and
ellipsometry is not surprising given the assumptions and uncertainties inherent in these
methods. For example: i) It is assumed that the molar absorptivity of suspended PM
fragments is an accurate estimate of &, which in turn implies that the chromphore
orientation distribution in the film is isotropic (whereas Figure 2.5 shows that it is
anisotropic) and that the molar absorptivity is not altered by adsorption to PDAC. ii) It is
assumed that incident beam is collimated which produces a uniform angle of total
reflection (6;) in the waveguide. Thus at a given wavelength, a single value is calculated
for dp. In practice, the incident beam is focused with a lens which produces a range of
internal reflection angles and a distribution of d, values, and thus a range of optical
pathlengths. iii) The I" value calculated using ellipsometry relies on the assumption that
the packing density of bR in the film is equivalent to that in the crystal structure of PM.
The packing density in an adsorbed film of PM fragments will certainly be less (so I'
must be < 32 pmol/ cm?). Furthermore, there is some uncertainty in the values used for
the refractive indices of the PDAC and PM layers, and possible effects from film surface

roughness (which was not measured here) on the ellipsometric thickness were ignored.
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2.4.3 Transient ATR

The photocycle of bacteriorhodopsin has been well-studied.”®”” Upon absorption
of a photon, bR decays through a series of intermediates including a relatively long-lived
metastable state (M-state) which has a maximum absorbance at 410 nm. Here the lifetime
of the M-state was examined using TAS/ATR, pumping the sample at 532 nm which is
close to the ground state absorbance of bR at 563 nm and using a probe beam centered at
410 nm. A typical decay curve obtained using TE polarization is shown in Figure 2.10A.
All decay curves were satisfactorily fit to a first order exponential. The decay lifetime of
the M-state of bR in PDAC/PM films was determined to be 4.4 + 0.5 ms (n=5). The TAS
instrument can also be operated in the transmission geometry and applied to dissolved
samples, with the pump beam traversing the cuvet perpendicular to the probe beam. This
arrangement was used to measure decay curves of 0.5 mg/mL PM fragments suspended
in 50 mM HEPES buffer pH 8.0 (Figure 2.10B). A M-state lifetime of 4.0 £ 0.7 ms
(n=2) was obtained which agrees well with published data.”® These results show that the
decay kinetics of the M-state are unaffected by adsorption of PM on PDAC which
indicates that the chemical environments of the retinal in suspended and adsorbed PM
fragments are very similar. Immobilization of proteins on solid substrates without
perturbing their structure and activity has been a focus of considerable research efforts
(see refs ¥ for recent reviews) because protein films are the functional component in
affinity-based separations, biosensors, and several other biotechnologies. In contrast to

our results, previous studies on dried, 90-layer PDAC/PM films found that the
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excitation at 532 nm at time = 0. (A) PDAC/PM film measured in the ATR geometry on

a quartz waveguide in TE polarization. (B) 0.5 mg/mL PM fragments suspended in 50

mM HEPES buffer, pH 8.0 and measured in a transmission geometry.
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M-state decay kinetics were altered from native bR.%? Multi-exponential decays and much
longer M-state lifetimes were observed which were attributed to the effects of

dehydration on the protein structure.

2.4.4 Fraction of Retinal Photoexcited in PM films

The energy of the 532 nm pump laser launched into the waveguide is about 20
uJ/pulse. The fraction of PM in the film excited by the laser pulse is calculated using the
difference absorbance value at 410 nm immediately after the pulse (AA410nm = 0.013).
The M-state molar absorptivity at 409 nm is 48,800 M*cm™.2% Using equation 2.2 and a
polarization-averaged value of 132 for N(l¢/l;), the surface coverage of M-state is
calculated to be 2 pmol/cm?. This surface coverage is approximately 1% of a close-
packed monolayer of a small chromophore and about 0.3 of the retinal surface coverage
(assumed to be 6 pmol/cm? based on As ~ 0.05). Thus it is estimated that photoexcitation

converted ca. 30% of retinal to the M-state.

2.5 Quantitative Comparison to Literature Values

Returning to the single PDAC/PM bilayers examined here, the sensitivity of the
TAS measurement on these films is now compared to other TAS/ATR studies of low
surface coverage films. One parameter that can be used for comparison is &I, the
unitless product of the molar absorptivity (at the pump wavelength) and the chromophore
surface coverage. Numeric values for chromophore surface coverage, however, generally

have not been reported in the TAS/ATR literature. A survey of this literature produced
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the following estimates: i) Ryan et al.**

made measurements on films of eosin (e = 89,500
M™cm™ at 532 nm®®) adsorbed to TiO,. Although the surface coverage was not measured,
monolayer coverage was assumed based on the appearance of a plateau in the adsorption
isotherm. Assuming a surface area of 70 A? per adsorbed molecule, this corresponds to a
surface coverage of ca. 200 pmol/cm?, and therefore &T" = 1.8 x 102 ii) Lemmetyinen
and coworkers performed TAS/ATR on two monolayers of a porphyrin-fullerene dyad:;®
the surface density in each layer was 0.25 molecule/nm? which equates to I" = 83
pmol/cm?. Using € = 195,000 M™cm™ at 428 nm,®® &T" = 1.6 x 102 iii) Nagamura and
coworkers spin-coated polymer films doped with chromophores onto waveguides
fabricated by ion-exchange. In Figure 1 of their paper on TAS/ATR studies of
tetraphenylporphinesulfonic acid (TPPS) films,®’ the absorbance of the highest energy Q
band is 1.2 x 10°. Using & = 16,500 M cm™ at 515 nm,®® T" is estimated to be 73
pmol/cm?. At 532 nm, & is estimated to be 7000 M cm™ so &' =5.1 x 10™. iv) Ina
subsequent paper, Nagamura and coworkers examined 30 nm thick films composed of
9% spiropyran dispersed in poly(styrene) and poly(methyl methacrylate).®® A composite
waveguide was used, consisting of a K*-doped guiding layer overcoated with a sputtered
TiO, film. Figure 10 in that paper shows the absorbance spectrum of a 1200 nm thick
film. Based on that spectrum and € = 11,200 M cm™ at 355 nm,*® a surface coverage of
670 pmol/cm? is estimated for a 30 nm thick film, from which &T" = 7.5 x 10* is
calculated.

To compare the literature &I" values to the TAS measurements on PM films

reported herein, the spectral value used for bR surface coverage (6 pmol/icm?).
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Consistency dictates this choice because the literature &I" values were also calculated
using spectral data. At 532 nm, & = 54,000 M cm™ for bR and thus &I = 3.2 x 10,
This value is slightly less than that estimated for Nagamura’s most sensitive
experiment,®” and about 50-fold less than the values estimated from the data of Ryan et
al.%* and Lemmetyinen and coworkers.?® On the basis of this comparison, it can be
concluded that the TAS/ATR measurements described herein represent the most sensitive
reported to date. Equally important is that the ATR element in our instrument is a 200
pum thick, multimode waveguide that is simpler to fabricate than a composite, ion-
exchange waveguide. Collinear coupling of the pump and probe beams to the waveguide
through optical fibers is also simpler than aligning the pump beam normal to the
waveguide plane and launching the probe beam into the waveguide using a prism
coupler.® Finally, it is recognized that additional parameters could be considered in this
sensitivity comparison, such as the fraction of chromophores excited by the pump pulse,
the molar absorptivity of the excited state species, the physical characteristics of the
waveguide (e.g., N(l¢/l;), and the bandwidth of the measurement. However information
about these parameters is generally lacking in the TAS/ATR literature which precludes us
from making a more complete comparison. To enable these comparisons to be made in
the future, as well as the feasibility of a proposed TAS/ATR measurement to be
quantitatively assessed, all of these parameters are stated herein for our instrument and

thin film samples.
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2.6 Instrument Sensitivity

Although TAS/ATR measurements on PDAC/PM films were feasible in TE
polarization, decay curves could not be measured in TM polarization because the
absorbance was too low (see Figure 2.5), which is a consequence of the predominately in-
plane orientation of the retinal absorption dipole. This demonstrates the importance of
matching the polarization of the pump and probe beams in a TAS/ATR experiment. As
for all TAS experiments, a significant fraction of chromophores must be excited by the
pump pulse to enable measurement of the subsequent relaxation process, and
chromophore orientation relative to the polarization of the pump and probe beams is
clearly an important factor. Under the experimental conditions used here, the surface
coverage of retinal that was excited in TE polarization by the 532 nm pump pulse is
calculated to be 2 pmol/cm?. In other words, the surface coverage of the M-state that
produced the transient signal shown in Figure 2.10A was about 1% of a close-packed
monolayer of a small molecule. A comparison cannot be offered of this value to
published studies because the TAS/ATR literature generally does not provide sufficient

information to allow the surface coverage of excited state species to be calculated.

2.7 Conclusions

Polarized waveguide ATR has been combined with and pump-probe spectroscopy
in a relatively simple instrumental arrangement to probe molecular orientation and
photochemical kinetics in a weakly absorbing molecular film with a surface coverage of

ca. 0.1 monolayer. Here a reaction that decays on the ms timescale was examined as a
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test case but studies of much faster reactions are certainly feasible and will be a focus of
future studies. The temporal resolution of the first generation instrument described here,
about 5 ns, is dictated by the pulse width of the pump laser. The sensitivity to low &I
could be further improved by using a much thinner waveguide which would increase the
evanescent pathlength.®* Other configurations for ATR spectroscopy, such as
evanescent wave cavity ring-down spectroscopy,® are also extremely sensitive and
should be useful when combined with TAS. Finally, it is noted that electroactive
waveguide ATR spectroscopy has been implemented using both multimode and single-
mode waveguides.” **®> TAS could be combined with electroactive waveguide
techniques to characterize the kinetics of charge transfer processes in thin molecular films
on transparent conducting oxides, which is an important process in organic and dye-

sensitized solar cells.
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3. INVESTIGATIONS OF THE MOLECULAR THIN FILM/TRANSPARENT
CONDUCTING OXIDE INTERFACE AND PROPERTIES CONTRIBUTING TO

THE OBSERVATION OF CHARGE TRANSFER KINETICS

3.1 Introduction

As discussed in detail in Chapter 1, the organic photovoltaic (OPV) device
efficiency is the product of the efficiencies of the individual migration and charge
transfer processes. Understanding the structure-function relationship, specifically at the
molecular thin film/transparent conducting oxide (TCO) interface will allow for
engineering these interfaces to enhance charge transfer events and reduce the rate of
charge recombination. As a result, the efficiency of an OPV will improve. Important
parameters which describe the structure-function relationship include chemical properties
of the TCOs,™® the attachment chemistry of the molecular film to the TCO, the orientation

of molecules on the surface®” %

and the surface coverage.

In addition to the factors described here, there are other chemical questions which
arise regarding the local molecular environment of the thin film and how that
environment affects the excited state band edges and lifetimes. This pertains to
molecules bound to a TCO, but also molecules in close association with nearby
functional groups and charged species. This chapter addresses the properties that are
hypothesized to influence the charge transfer kinetics at the molecular thin film/TCO

interface. In addition, studies herein explore other properties, such as the local molecular

environment of the solid-state film, which are hypothesized to significantly affect the
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excited state characteristics, such as quantum yield and lifetimes. These studies aim to
improve our understanding of optimal characteristics of the molecular thin film/TCO
interface in order to increase charge transfer efficiency and overall performance of the

OPV.

3.1.1 Background to Porphyrins

Absorption of light and efficient charge transfer are key aspects to OPV and
DSSC performance. Porphyrins have been thoroughly studied as light harvesting agents
due to their high molar absorptivities and ability to undergo electron transfer reactions.
Advancement in synthesis of porphyrins has contributed a library of design possibilities,

including functional groups attachment to metal oxides*® *’

and supramolecular
structures.®® Porphyrins have a large -electron system (macrocycle), a possible metal
atom in the center, axial ligands, and intrinsic space over the porphyrin ring for axial
ligands and substituents. The porphyrin properties affect the electronic structure of the
molecule, as well as singlet and triplet excited state energy levels and their lifetimes.*®
Aggregated porphyrins are known to have different excited state behavior as
compared to non-aggregated porphyrins, for example decreased excited state lifetimes.**
190 There are solvent effects for many of these porphyrins as well, as a function of pH or
solvent polarity. The excited state behavior of porphyrins in solution cannot be
extrapolated to its behavior adsorbed to a surface or in close proximity to a solvent-free

network of molecules.*®*®* Porphyrin molecules tethered to a metal oxide and

incorporated into mono- and multilayer films were researched in order to better
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understand the properties contributing to efficient charge transfer at the molecular thin

film/TCO interface.

3.1.2 Background to Zinc Porphyrin-Indium Tin Oxide (ITO) Interface

The molecular thin film/TCO interface investigated was zinc porphyrin adsorbed
to indium tin oxide (ITO). Zinc porphyrins have been thoroughly studied, especially as
dye sensitizers adsorbed to nanocrystalline semiconducting electrodes in DSSCs.*: 102103
They have high molar absorptivities at wavelengths in the visible light region and long
lived triplet states (~0.65 — 1.4 ms).”” They also exhibit little to no aggregation in
concentrated solutions.'%*

Indium tin oxide (ITO) is a transparent conducting oxide that also has been vastly
researched.®* *° ITO is indium oxide doped with tin and as a result, highly conductive (1
x 10* @ cm™). Itis 90% transparent in the visible region and it can be deposited on a
variety of substrates.®® 1TO is heterogeneous in ohmicity and composition, and as a result
scientists have investigated ways to improve its performance in OPVs.*

The band energy diagram for this interface is shown in Figure 3.1A. The values
for the zinc porphyrin energy levels are based on solution electrochemical studies of
zinc(11)-5,10,15,20-tetra(carboxyphenyl)porphyrin (ZnTCPP).'* The Fermi energy
shown for ITO varies depending on cleaning and pretreatment conditions.’®> The
photoexcitation and possible reaction mechanisms for ZnTCPP tethered to ITO are

shown in Figure 3.1B. The zinc porphyrin absorbs visible light and populates the singlet

excited state. It can intersystem cross to form the triplet excited state, transfer an electron
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Figure 3.1 (A) Band diagram for the zinc porphyrin (ZnP) — indium tin oxide (ITO)
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cleaning. The energy levels for ZnP are the values from solution electrochemistry of
ZnTCPP.Y Values vs. NHE were converted to vacuum by 4.44 eV.*"’

(B) Photoexcitation of ZnP and potential reactions after photoexcitation of zinc

porphyrin.
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to the ITO, or decay back to the ground state. The triplet state can either decay back to
the ground state or transfer an electron to the ITO. Finally, if a charge has been
transferred to the ITO and it has not been extracted by closing the electrochemical circuit,
it can recombine with the oxidized porphyrin to repopulate the ground state.

In this chapter electrochemical studies with zinc porphyrins adsorbed to ITO
address if the oxidation potential values assigned from solution electrochemical studies
are appropriate estimations or if a more accurate energy level diagram must be
developed. Steady state ATR spectroscopy was used to characterize properties such as
molecular orientation and surface coverage that are hypothesized to influence charge
transfer and excited states kinetics. Spectroelectrochemical ATR spectroscopy identified
the cation radical absorbance spectra of the zinc porphyrins so these species could be
monitored with transient absorbance spectroscopy.

As demonstrated in Chapter 2, transient ATR spectroscopy provides molecular
and photoinduced Kinetic information about weakly absorbing thin films on a waveguide
surface. Since ITO is a conductive semiconductor, transient ATR spectroscopy was
conducted at open circuit and under potential control, as a way to control the driving
force of the charge transfer kinetics.*®® In order to address the local molecular
environmental role in the excited state characteristics, zinc porphyrins in the presence of

charged polymer solutions and thin films were also investigated.
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3.2 Instrumental Set-up

3.2.1 Steady State ATR Spectroscopy

The steady state ATR measurements were made on a custom built ATR
instrument described elsewhere.”® Briefly, white light from a 10 W tungsten-halogen
lamp (International Light Technologies) was focused into an optical fiber, collimated by
a lens and spatial filter, passed through a polarizing lens and prism-coupled (BK-7 right
angle prisms, Edmund Optics) into the internal reflection element (IRE). The IRE was an
indium tin oxide (ITO) coated glass slide (Colorado Concepts Coating, LLC). The light
was totally internally reflected down the waveguide and out-coupled via another prism,
where it was focused into the end of an optical fiber and directed into a monochromator
(Newport MS260i) and CCD camera (Andor iDus420A). Spectroelectrochemical ATR
measurements were conducted using this custom instrument and a flowcell that
accommodated a Ag/Ag+ (10 mM AgNOs, 0.1 M tetrabutylammoniumperchlorate
(TBAP), acetonitrile) non-aqueous reference electrode (Bioanalytical Systems, Inc.)
(RE), a platinum wire counter electrode (CE) and a transparent conducting oxide as the
working electrode (WE), described in detail elsewhere.”® The electrochemical ATR cell
was held at a potential via an EG&G Princeton Applied Research Model 263A

potentiostat/galvanostat.
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3.2.2 Transient Absorbance Spectroscopy

The diagram of the Proteus transient absorbance instrument is found in Figure 2.1.
Solution transient experiments were set up with the excitation and monitoring beams
perpendicular to one another. After passing through the sample, the monitoring beam
was focused into an optical fiber connected to the Si-photodiode (Newport). The ultrafast
transient instrument, Eos/Helios (Ultrafast Systems, Inc.) is described in Appendix B.

The transient ATR experiments in this chapter used prism coupling to totally
internally reflect light down the IRE as opposed to polished quartz slides described in
Chapter 2. A custom flow cell was designed to match the requirements of the
commercial waveguide spectrometer (SIS-5000). The translational stage of the SIS-5000
only moves along the x and y axes, thus the z-axis was fixed at the optimal height for
prism coupling. The cell is diagramed in Figure 3.2. Potential controlled TAS/ATR
measurements were conducted using a pseudo reference electrode (anodized silver wire),
a platinum counter electrode and the transparent conducting oxide as the working

electrode, controlled by a potentiostat (EG&G Princeton Applied Research Model 263A).

3.3 Experimental

3.3.1 Preparation of ITO Substrates

The indium tin oxide (ITO) coated glass substrates used in these studies were obtained

either from Colorado Concept Coating Limited (CC) or sputtered by Ajaya Sigdel at the
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Department of Energy National Renewable Energy Laboratory (NREL). The CC and
NREL ITO both had thicknesses of ~100 nm and a sheet resistance of ca. 13 Q/ 0. Ajaya
Sigdel from NREL measured the NREL ITO thickness with ellipsometry, the sheet
resistance using a 4-point probe and the crystallinity with X-ray diffraction (XRD).

The ITO coated glass (CC) was cut into %2 x ¥4” pieces for cyclic voltammetry
and 17 x 3” slides for ATR experiments. The ITO was prepared for film depositions by
cleaning with a 1% Alconox solution for 1 minute, then sonicating for 15 minutes each in
a dilute Triton X-100 solution, water (Barnstead nanopure, measured resistivity = 18.3
MQecm), and ethanol. The slides were stored in ethanol prior to use. Immediately prior
to film deposition, the slides were air plasma cleaned (Harrick model PDC-3XG) for 15

minutes at 30 W.

3.3.2 Zinc Porphyrins

Zinc porphyrins have been widely studied for their dye sensitizer properties in dye
sensitized solar cells.’?* % They have a long lived triplet state lifetime, (0.65 — 1.4 ms)
and have demonstrated little to no aggregation in concentrated solutions.”” Zinc
porphyrins used in these experiments were chosen for their functional groups to
covalently bind to the ITO. The chemical structures for the zinc(l1)-5,10,15,20-
tetra(carboxyphenyl)porphyrin (ZnTCPP) (Frontier Scientific) and zinc(I1)-5,10,15,20-
tetra(phosphonylmethylphenyl)porphyrin (ZnPA) (Frontier Scientific) are shown in
Figure 3.3A and B. A schematic of the possible binding chemistries of carboxylic acid to

a TiO, surface, used as a representative example of a metal oxide is shown in Figure
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Figure 3.3 (A) Molecular structure of zinc(I1) meso-tetra(4-carboxyphenyl)porphyrin
(ZnTCPP). (B) Molecular structure of zinc(Il) meso-tetra(4-

phosphorylmethylphenyl)porphyrin (ZnPA). (C) Potential binding chemistries of

carboxylic acid to TiO,. Ti in this figure can also represent another metal. Reprinted

from ref. 104. Used by permission of the American Chemical Society. (D) Potential

binding chemistries of phosphonic acid to a metal oxide. Reprinted from ref. 43. Used

by permission of Elsevier.
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3.3C.1% A schematic of possible binding chemistries of phosphonic acid to a metal
oxide surface is shown in Figure 3.3D.** The solution absorbance spectra for 5 pM
ZnTCPP in EtOH and 1 uM ZnPA in 10 mM MES buffer (pH 5.5) are shown in Figure
3.4. The molar absorptivities of ZnTCPP at the Soret band (420 nm) and the Q-bands
(556 nm and 594 nm) are 160,000 M*cm™, 11,500 M*cm™ and 6,400 M*cm™,
respectively.’” The molar absorptivities of ZnPA bands were determined experimentally,
with the Soret band (422 nm) and Q-bands (557 nm and 598 nm) at 289,000 M*cm™,

11,300 M*ecm™ and 7,200 M™cm™, respectively.

3.3.3 Cyclic Voltammetry

Cyclic voltammetry was conducted using a standard 3-electrode cell, with a
Ag/Ag+ (10 mM AgNOs, 0.24 M TBAP, acetonitrile) non-aqueous reference electrode
(Bioanalytical Systems, Inc.), a gold coated slide as the counter electrode and ITO coated
glass (Colorado Concepts Coating, LLC) as the working electrode. The teflon
electrochemical cell had a working electrode area of 0.785 cm?. The electrochemical
measurements were performed in 0.24 M tetrabutylammoniumperchlorate (TBAP) in
acetonitrile (ACN) with a CH420A potentiostat (CH Instruments, Inc.). The scan rate for

the thin film cyclic voltammograms (CVs) was 25 mV/sec.

3.3.4 Solution Transient Absorbance
The Proteus transient instrument (Ultrafast Systems, Inc.) is described in detail in

Chapter 2 and Appendix A. The zinc porphyrin solutions contained inalcmx1cm
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quartz cuvet were purged with argon gas, sealed and introduced into the Proteus
instrument. Decay curves at single wavelengths were obtained after excitation at 532 nm
with the Nd:YAG laser (Continuum) or at ~560 nm with the dye laser (Continuum).

The Eos/Helios transient instrument (Ultrafast Systems, Inc.) is described in
Appendix B. Briefly, the solutions were in a 2 mm pathlength quartz cuvet with a stir bar
and purged with argon gas prior to excitation. The wavelength of excitation of 532 nm
was selected for interaction with the Q-band as well as to match the Nd:YAG laser in the
Proteus experiments. The white light continuum source and the CCD camera allowed for

collection of the difference absorbance spectrum for the transient species.

3.4 Results and Discussion: Zinc Porphyrins on ITO

3.4.1 Electrochemical Results

When investigating the molecular thin film/TCO interface, the values for the
energy levels must be determined accurately in order to understand the charge transfer
Kinetics. These electrochemical thin film experiments were conducted to determine the
oxidation potentials of ZnTCPP and ZnPA bound to ITO and evaluate the role of the
binding functional group. If the thin film oxidation potentials differ from the solution
zinc porphyrin oxidation potentials then the estimated band energy diagram in Figure 3.1
must be adjusted.

ZnTCPP was dissolved in ethanol at 25 uM and adsorbed to ITO for 30 minutes

at room temperature. ZnPA was dissolved in 10 mM MES buffer (pH 5.5) at 25 uM and
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adsorbed to ITO for 30 minutes at room temperature. The excess porphyrin was rinsed
away with acetonitrile (ACN) and the film was blown dry under a stream of N,. The
films were sealed in the 3-electrode electrochemical cell.

CV scans were conducted from 0.0 to +0.65 V vs. Ag/Ag+, with 0.24 M
TBAP/ACN as the electrolyte solution and a scan rate of 25 mV/sec. The background-
subtracted CV of ZnTCPP adsorbed to ITO and background CV are shown in Figure 3.5.
The diffusion controlled electrochemistry of ZnTCPP is well known.*” ZnTCPP
undergoes a two electron oxidation, where the first oxidation at 0.8 V vs. NHE (0.4 V vs.
Ag/Ag+) is reversible and the second oxidation at 1.06 V vs. NHE (0.66 V vs. Ag/Ag+)
is irreversible.®”*% Assuming the CV contains only contributions from the first
oxidation, the mid-point potential (E") was determined to be 0.51 V vs. Ag/Ag+. This
value is more positive than that for the diffusion controlled situation and therefore the
film is more difficult to oxidize. Due to electrostatic repulsion, it is energetically
unfavorable to introduce a positive charge on a molecule with an adjacent positive
charge. The electroactive surface coverage was determined to be 140 pmol/cm? by
integrating under the anodic curve and assuming a one electron transfer. This value
corresponds to ~0.4 closed-packed monolayers of ZnTCPP molecules adsorbed in the
edge-on orientation with a projected surface area of 50 A%/molecule.'® If the ZnTCPP
molecules were parallel to the ITO surface the projected surface area would be 360

A?/molecule, this surface coverage would correspond to ~3 closed-packed monolayers.**®
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Figure 3.5 Thin film cyclic voltammogram of ZnTCPP on ITO (blue) and background
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(red) showing the first oxidation. Solvent was 0.24 M TBAP/ACN and scan rate was 25

mV/sec.
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The background-subtracted CV of ZnPA adsorbed to ITO and background CV are
shown in Figure 3.6. The oxidation and reduction peaks are not well resolved. There is
some indication of two oxidation steps, but it is difficult to determine the mid-point
potentials. The first oxidation peak appears to occur between +0.3 and +0.4 V vs.
Ag/Ag+ and the second between +0.5 and +0.6 V vs. Ag/Ag+. The first oxidation
potential is less positive than the ZnTCPP film, which suggests that the ZnPA film is
easier to oxidize. The non-faradaic background is too large to allow the electroactive
surface coverage to be determined. The diffusion controlled electrochemistry of ZnPA is
not published and was unable to be experimentally determined. The oxidation and
reduction peaks could not be resolved and the redox potentials could not be determined

due to large non-faradaic backgrounds with diffusion controlled ZnPA experiments.

3.4.2 Potential Controlled ATR Spectroscopy

In Figure 3.1B the photoinduced reactions at the zinc porphyrin/ITO interface
were described. After the photoexcited porphyrin presumably injects an electron into the
ITO, the resulting film will be the oxidized porphyrin species. It is important to know the
spectra of the oxidized zinc porphyrin in order to identify the absorbance bands that are
monitored during the transient absorbance experiments. Steady state ATR spectroscopy
was coupled to electrochemistry to obtain the spectra of the oxidized porphyrin film. In
addition, the mid-point potentials were determined with this technique without

interference from non-faradaic current seen with the CVs.
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Figure 3.6 Thin film cyclic voltammogram of ZnPA on ITO (blue) and background (red)

showing the first oxidation and possibly the second oxidation. Solvent was 0.24 M

TBAP/ACN and the scan rate was 25 mV/sec.
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The ITO was prepared as described in Section 3.3.1 and the ATR flowcell was
assembled. A blank was obtained with 0.1 M tetrabutylammonium perchlorate in
acetonitrile (TBAP/ACN) in contact with the ITO coated slide. 25 uM ZnTCPP in
ethanol or 25 uM ZnPA in 10 mM MES buffer (pH 5.5) was injected into the flowcell
and allowed to adsorb for 30 minutes. The cell was rinsed with 10 mL of 0.1 M
TBAP/ACN and spectra of the resulting porphyrin film were collected for both TE and
TM polarizations. De-oxygenated 0.1 M TBAP/ACN continuously flowed through the
ATR cell as positive potentials were applied. The potential of the film was held for 30
seconds before acquiring a spectrum.

The ATR spectra in both TE and TM polarizations of the ZnTCPP film on ITO at
open circuit are shown in Figure 3.7A. The Soret band is broadened as compared to the
solution sample in Figure 3.4A, where the solution Soret:Q-band ratio is 29 and the thin
film ratio is 5-6. The broadening of the Soret band is indicative of aggregation.'®

The absorbance of the ZnTCPP Soret band maximum, 425 nm for TE and 410 nm
for TM, as a function of applied potential, normalized to the value at Voc (open circuit
potential) is shown in Figure 3.7B. The mid-point potential (E%) of the oxidative
bleaching agrees with the mid-point potential from the CV results of ~0.5 V vs. Ag/Ag+.

The TE and TM absorbance spectra of the oxidized ZnTCPP film as a function of
applied potential are shown in Figure 3.7C and 3.7D. The spectra represent the radical
cation species of ZnTCPP and agree with spectra in the literature of zinc porphyrin

radical cations.’® ™% As compared to the film at open circuit, there is a decrease in the
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Figure 3.7 (A) ATR spectra of ZnTCPP on ITO at open circuit, TE and TM. (B)
Normalized absorbance vs. potential (V vs. Ag/Ag+) for TE at 425 nm and TM at 410
nm. (C) Potential controlled ATR spectra, TE. (D) Potential controlled ATR spectra, TM.
Legend in (D) applies to (C).
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Soret band absorbance and an increase of absorbance at wavelengths around 650 nm,
with increasing potential.

The ATR absorbance spectra for ZnPA adsorbed to ITO in both TE and TM
polarizations are shown in Figure 3.8A. As with the ZnTCPP films, there is broadening
of the Soret band, suggesting aggregation.*® The ratio of Soret band:Q-band for the
solution sample in Figure 3.4B was 26 while the ratio for the ATR films was ~5. The
normalized absorbance at the Soret band as a function of applied potential is presented in
Figure 3.8B. The spectra were evaluated at 430 nm and 407 nm for TE and TM
polarizations, respectively. Although an exact mid-point potential cannot be extracted
from this data, the oxidative bleaching occurs around +0.45 V vs. Ag/Ag+. This is
slightly less than the mid-point potential found for thin films of ZnTCPP on ITO.

The potential controlled ATR spectra of ZnPA adsorbed to ITO are shown in
Figure 3.8C and 3.8D for TE and TM polarizations, respectively. The shape of these
spectra is similar to the oxidized ZnTCPP films and other oxidized zinc porphyrins in
literature.®*° The ZnPA oxidized film also shows a decrease of the Soret band
absorbance and an increase around 650 nm. The increased absorbance at 650 nm is much
larger compared to the ZnTCPP oxidized film. The reason for this difference in molar
absorptivity of the oxidized species is unclear.

The ZnTCPP and ZnPA oxidized spectra are important when looking for
absorbance changes as a result of charge transfer. The band diagram in the zinc

porphyrin film coupled to ITO, as depicted in Figure 3.1, shows the energy level
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alignment to favor charge injection of the photoexcited porphyrin into the ITO. The
radical cation of the zinc porphyrin is the resulting species which has the absorbance
profile in Figures 3.7C, 3.7D, 3.8C and 3.8D.

The spectroelectrochemical experiments have provided more confidence in the
oxidation values of the zinc porphyrins bound to ITO obtained from the cyclic
voltammetry experiments. It can be concluded from these experiments that the oxidation
potentials from diffusion controlled electrochemical experiments do not accurately
represent the oxidation potentials and thus the energy level alignments of thin molecular
films.

In the case of ZnTCPP, the adsorbed film was more difficult to oxidize than the
dissolved sample. Studies of redox reactions of ferrocene monolayers immobilized on
gold electrodes have demonstrated positive shifts of oxidation-reduction potentials as
compared to the corresponding dissolved ferrocene.*** Creagar and co-workers explained
that variations of solvation effects of the counterion between molecules immobilized at
the electrode surface and those in the bulk solution lead to a shift in redox potential.***
Further studies where the ferrocene groups were buried in the monolayer exhibited strong
shifts to positive potentials as compared to ferrocene groups that were more ‘exposed’ to
the electrolyte solution.**? The reason for the positive shift in the redox potential of the
ZnTCPP film as compared to the bulk solution is likely due to the inability of counterions
to sterically access the redox centers in the closed-packed zinc porphyrin film and screen

the positive charges.
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A revised band diagram is presented in Figure 3.9 with the adjusted potentials as
determined by cyclic voltammetry and potential controlled ATR spectroscopy. The
values of the triplet state energy levels for ZnTCPP and ZnPA films were assumed to be
fixed relative to the energy of the ground and singlet excited states. The corrected energy
alignment decreases the energy needed to transfer an electron from the zinc porphyrin
film to the ITO as compared to the solution sample. In addition, the energy offset
between the Fermi energy of the ITO and the zinc porphyrin films also increases the
driving force for recombination. Determining accurate energy level alignments is
essential to understanding the charge transfer kinetics at the molecular film-TCO

interface.

3.4.3 Molecular Orientation

Another property of the molecular thin film that is hypothesized to influence the
photoinduced charge transfer kinetics is the molecular orientation.*® 1% 1% As described
in detail in Chapter 1, Lin, et al. correlated molecular orientation with electron transfer in
zinc phthalocyanine molecules tethered to ITO. The aggregated in-plane population
demonstrated a 3-fold faster electron transfer rate than the upright aggregates.®” The
orientation of the zinc porphyrins on ITO has a potential to affect the charge transfer
kinetics. Therefore, it is important to characterize the orientation.

The steady-state ATR spectra in Figure 3.7A and 3.8A were used to determine the

mean tilt angle of the ensemble of zinc porphyrins adsorbed to ITO. Due to the excessive
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broadening of the Soret band, the absorbance at the first Q-band was used to quantify the
mean tilt angle.

The dichroic ratio (p) is related to the mean tilt angle (6,)) by Equation 3.1 for
circular dipoles. Expressions for the electric field intensities E,?, E,?, and E,* are
provided in Lee and Saavedra and are shown in Equation 2.2.%" A diagram of the
direction of the electric fields is shown in Figure 3.10A. The absorbance of the film in
TM and TE are denoted as Astm and As g, respectively. Nty and Ntg are the number of
total internal reflections in the TM and TE polarizations and were calculated from the
internal reflection angle (B) and the interaction length along the waveguide by the totally
reflected beam. The thin film and two-phase approximations were used in these

calculations, ignoring contributions from the 100 nm thick 1TO.

2EZ cos? 6,
in2
1+sin“ 6,

_ AftM

-1
= Nry |EZ + ] [NreE2] (3.1)

AfTE

The steady state ATR experiments of ZnTCPP and ZnPA on ITO used the

following parameters:

Internal reflection angle, B = 72° (ZnTCPP) and 71° (ZnPA)
n; (acetonitrile) = 1.34

n, (glass) = 1.51

waveguide thickness = 1.0 mm

interaction length along waveguide sampled by the totally reflected beam = 4.2 cm
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Figure 3.10 (A) A diagram of the electric field vectors in relation to the place of the
waveguide. (B) A schematic of the mean tilt angle between the molecular plane normal

and the normal to the surface plane of the ITO.
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The calculated 6, describes the mean tilt angle between the molecular plane
normal and the normal to the ITO surface plane. A schematic of this geometry is shown
in Figure 3.10B. ZnTCPP on ITO was found to be 34°, while ZnPA on ITO was found
to be 39°. These values assume a uniformly tilted ensemble of molecules in these thin
films and not a distribution of angles. The 6, was not anticipated to be similar between
these two molecules, since the ZnPA structure has an additional methyl group as
compared to ZnTCPP. The 6, for both ZnTCPP and ZnPA suggest that no more than two
functional groups for each porphyrin molecule are bound to the I1TO; if 3-4 groups were
bound a significantly smaller 6, would have been measured indicating a predominantly
in-plane orientation with the ITO surface.

The stability of the film on the ITO surface is dominated by the binding between
the carboxylic acid and phosphonic acid to the ITO. The indication of aggregation from
the broadening of the Soret band in Figures 3.7A and 3.8A also support the conclusion
that the ensemble of molecules is not in-plane. If the molecules were mostly in-plane, a
second molecule to form an aggregate with the bound porphyrin would be further in
distance from the ITO surface, not allowing for covalent binding with the ITO. The
aggregation is initially dominated by the intermolecular interactions such as n-t or Van
der Waals interactions, which are not as stable as the covalent binding between the
functional groups and ITO.

As discussed previously, the orientation of molecules at the molecular thin
film/TCO interface play a role in the charge transfer efficiency. It can control the

electron tunneling distance from the molecule to the TCO.*” The molecular orientation
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can also impact the aggregation of molecules at the surface, which can affect the

photoinduced excited states of the molecules.***%

3.4.4 Surface Coverage
The surface coverage of the porphyrins on ITO was determined using steady state
ATR spectroscopy. The equations to determine the evanescent intensity vs. the incident

intensity (I¢/1;) for TE and TM polarizations are shown in equations 3.2a-b.>’

-0 @z

nz

.2 (N1 2
%TM - (%TE> [(1+(i—:l)r;)fln§:2(ﬂ)2] (3:20)
na 2
The values of I¢/l; for the ZnTCPP ATR experiments were 5.1 and 6.3 for TE and TM,
respectively. ATR experiments with the adsorption of ZnPA had I¢/l; values of 5.4 and
6.6 for TE and TM, respectively. As discussed previously, the thin film and a two-phase
approximation were used when determining the surface coverage. The isotropic molar
absorptivities for the first Q-band, 11,500 M™*cm™ (ZnTCPP) and 11,300 M-1cm™
(ZnPA), were used in equation 2.3 along with the calculated I¢/l; values to determine the
surface coverage.
The surface coverage for ZnTCPP adsorbed to ITO was determined to be 340

pmol/cm?. The surface coverage of ZnPA on ITO was determined to be 290 pmol/cm?.
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These values are reasonable, as they are equivalent to ~1.0 and 0.9 for ZnTCPP and
ZnPA, respectively, of a closed-packed monolayer (ML) if the molecules are oriented in
an edge-on geometry with a projected area of 50 A%/molecule.’® If the molecules were
predominantly oriented in-plane to the ITO surface, with a projected surface area of 360
A?Imolecule,™® it would equate to ~7.0 and 6.3 ML for ZnTCPP and ZnPA, respectively.
As concluded from the mean tilt angle calculations, it is evident that the molecules are
not oriented in-plane to the 1TO surface.

The value of 140 pmol/cm? found from the thin film CV of ZnTCPP on ITO
reflects the electroactive surface coverage. This is less than 50% of the coverage
determined from the ATR spectrum. For both molecules, the CVs exhibited a large non-
faradaic current, so this could have introduced some error in the calculation. The thin
film molar absorptivity of the ZnTCPP and ZnPA molecules are not known, therefore the
molar absorptivity of the isotropic solution was used to calculate the surface coverage.
This discrepancy may also introduce some error into the surface coverage values that
were determined.

The optimal degree of surface coverage to improve charge transfer from the thin
molecular film to ITO is not fully understood. The broadening of the Soret band in the
ATR spectra suggests that the porphyrin aggregates upon adsorption to the ITO.* The
surface coverage and effects due to the local molecular environment, such as aggregation
or presence of other functional groups, will likely have a strong effect on the excited state
characteristics and thus the charge transfer Kinetics at the molecular thin film/TCO

interface. %1%
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3.4.5 Solution Transient Absorbance of ZnTCPP and ZnPA

The previous experiments helped define the band energy diagrams by finding the
oxidation potentials of ZnTCPP and ZnPA adsorbed to ITO. In addition, the
spectroelectrochemical studies provided ATR spectra of the oxidized porphyrin thin film,
a transient species that would result from charge transfer into ITO. The porphyrin triplet
state is another transient species that can play a role in the charge transfer and reveals
information about the excited state porphyrin behavior.*** Zinc porphyrins in solution
have an intersystem crossing quantum yield (Qisc) between ~0.75 — 0.9, *** so it is
likely the triplet species will participate in charge transfer to the ITO. Triplet state
absorbance spectra and transient decay curves were obtained for both ZnTCPP and ZnPA
using the EOS instrument (Ultrafast Systems, Inc.).

The difference spectrum for 100 uM ZnTCPP in EtOH at a delay time of 0.1 usec
is shown in Figure 3.11A. The excitation pump laser was 532 nm. The transient decay
curve was evaluated at 460 nm, where the difference absorbance spectrum had the largest
change. The transient decay curve is shown in Figure 3.11B and was fit to a first order
exponential of 0.89 psec. The difference absorbance spectrum for 100 uM ZnPA in 10
mM MES buffer (pH 5.5) at a delay time of 0.1 psec is shown in Figure 3.12A. The
transient decay curve at 460 nm is shown in Figure 3.12B and was fit to a first order
exponential with a lifetime of 3.1 pusec. These transient decays correspond to the triplet
state decay lifetimes for the porphyrins.®’

The triplet lifetimes for both zinc porphyrin samples are significantly shorter than

the reported lifetimes of purged zinc porphyrin solutions, where deoxygenated solutions
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at room temperature have a lifetime range of 0.65 — 1.4 ms.*” When zinc porphyrin
solutions are aerated, triplet lifetimes are reduced to <200 nsec.™* Although the solutions
in this study were purged with argon prior to placing them in the instrument, it was not
possible to keep the solutions completely de-oxygenated throughout the entire pump-
probe experiment.

The transient decay of 25 uM ZnTCPP in EtOH was measured using the Proteus
instrument. The Proteus instrument accommodates a 10 mm pathlength cuvet where a 2
mm cuvet is used in the EOS instrument. As a result the concentration was lowered to
account for this change. The excitation was at 532 nm and the monitoring beam was at a
wavelength of 480 nm. The band pass filter available for the Proteus transient
experiment was at 480 nm, which was sufficient to monitor the triplet state. The transient
decay curve is shown in Figure 3.13. The triplet state lifetime was not successfully fit to
a first order exponential, thus an additional component was added. The lifetimes of the
triplet state were determined to be 0.23 and 1.2 ms with weighing factors of 0.77 and
0.23, respectively. The triplet lifetime of ZnTCPP in water has been measured and fit
with a single exponential with a value of 1.3 ms.®” The longer lived component of
ZnTCPP in EtOH matches closely to the literature value. The shorter lifetime could be a
result of inadequate de-oxygenation of the sample. It is also possible that the solvation of
ZnTCPP by EtOH as opposed to water affects the triplet state lifetime. Studies of triplet
state lifetimes of ZnTPP and ZnTSPP have shown a significant difference in triplet state
lifetimes as a function of solvent. In dichloromethane, zinc(ll)tetraphenyl porphyrin

ZnTPP has a triplet decay of 583 psec, where as in pyridine the triplet decay is shortened
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instrument with excitation at 532 nm and monitoring at 480 nm, representing the triplet

state decay.
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to 200 psec.'® Zinc(I1)tetrakis(4-sulfonatophenyl) porphyrin (ZnTSPP) in water has a
triplet lifetime of 1.4 ms®’ where in methanol it is decreased to 785 psec.™™® The
dielectric constants of water, methanol and ethanol are of 80.1, 33, and 24.3, respectively.
In addition, ethanol also has an organic component that could interact with the porphyrin
to cause triplet annihilation.

The charge transfer efficiency between a molecular thin film and TCO is
influenced by the excited state lifetime of the molecule. The solvation of the molecule,
whether by a solution or a polymer network, will have a large impact on the charge

transfer. Therefore, these properties must be considered when designing OPVs.

3.4.6 Transient ATR Spectroscopy

As described in detail in Chapter 1, the overall efficiency of an OPV is dictated by
the efficiencies of the charge transfer and migration processes. Charge transfer at the
molecular thin film/TCO interface is hypothesized to be influenced by factors such as the
attachment chemistries, molecular orientation and the local molecular environment. The
final charge collection step is dictated by a small fraction of molecules in the donor layer,
a single monolayer or less, at the donor layer/TCO interface. Transient ATR
spectroscopy has the sensitivity to probe photoinduced kinetics in submonolayer films
and the potential to determine charge transfer and recombination Kinetics at these critical

interfaces.
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3.4.6a Sensitivity Considerations

In Chapter 2 the optical sensitivity considerations for conducting a transient ATR
experiment were thoroughly discussed. An appreciable amount of the excitation beam
must be absorbed by the ground state molecules to promote a significant fraction of
molecules to the excited state. The term presented in Chapter 2 to compare sensitivity
between films was the product of the molar absorptivity at the excitation wavelength and
the molecular surface coverage ("). The value that was determined for the PM
fragments was 3.2 x 10™. The other term that should be considered is the number of total
internal reflections (N). The transient ATR experiments in Chapter 2 utilized 200 um
thick quartz slides to achieve 39 total internal reflections. Another important factor not
included in the sensitivity comparison is the molar absorptivity of the excited state. The
M-state of the PM fragments has a molar absorptivity of 48,800 M*cm™.%

The product of the ZnTCPP surface coverage of 340 pmol/cm? and the molar
absorptivity at the excitation wavelength (532 nm = 1,500 M'lcm'l) is 5.1 x 10, This
value is comparable to the value found for the PM fragments, but it neglects the
contributions from the total internal reflections and the molar absorptivity of the excited
state. An estimated molar absorptivity of the oxidized ZnTCPP film can be determined
from the ATR absorbance spectra at open circuit and under potential control in Figure
3.7A and 3.7C as shown in equation 3.3: Are, s60 nm IS the absorbance at open circuit of
the Q-band, €s60 nm IS the molar absorptivity of the Q-band, Are, ssonm IS the absorbance of
the oxidized film at 676 nm, and €s76 nm IS itS molar absorptivity.

Are, 560 nm/ ATE, 676 nm = €560nm/E676nm (3.3)
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The molar absorptivity for the 1% Q-band at 560 nm is 11,500 M™cm™ %" and its
absorbance value is 0.07 a.u. for TE polarization. The absorbance of the oxidized
ZnTCPP film at 676 nm was 0.033. Therefore, the molar absorptivity can be estimated to
be ~ 5,500 M*cm™.

Thin films of ZnTCPP were prepared on ITO coated glass slides (CC) and were
suitable for the electrochemical and steady state absorbance measurements. The ITO
coated glass slides in the steady state ATR experiments had 7 total internal reflections. In
order to attain a more comparable sensitivity for transient ATR with ZnTCPP, ITO
coated coverslips with a thickness of 150 um were obtained from NREL and used in
these experiments. These coverslips afforded 42 total internal reflections using the prism
coupling geometry. The revised relationship in order to determine feasibility of the
transient ATR experiments is shown in equation 3.4. The sensitivity is the product of the
molar absorptivity at the excitation wavelength (&), molecular surface coverage (I'),
number of total internal reflections (N) and molar absorptivity of the transient state (gs).

sensitivity = gf x I' X N X & (3.4)

The value of sensitivity for the transient ATR experiment conducted on PM films
is ~610, where as the value for the transient ATR measurement proposed with an
excitation at 532 nm is ~120. Although the detection limit of the transient ATR
instrument has not been determined, this value may be too low to observe a transient
signal from the oxidized porphyrin film.

To increase the sensitivity, the Nd:YAG laser was connected to a dye laser

attachment, as described in Appendix A, to allow for excitation ~ 560 nm, where €s60 nm =
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11,500 M*ecm™.%" This increased the sensitivity value to ~900, which is higher than
~610, the value found for the successful transient ATR experiments described in Chapter
2.

Films of ZnTCPP and ZnPA were prepared on ITO coated slides (CC) and ITO
coated coverslips (NREL) as described for the electrochemical experiments. The films
were prepared outside of the cell and then secured into the Delrin ATR cell. Argon-
purged acetonitrile flowed through the cell for the duration of the experiments. The
difference absorbance was undetectable at 430, 480, and 676 nm for ZnTCPP or ZnPA
adsorbed to either the ITO coated glass slides or the ITO coated coverslips. When a
transient ATR experiment was conducted with an ITO coated coverslip with porphyrin
adsorbed, there was very little light throughput between 400 and 430 nm, indicating that
the Soret band absorbance exceeded the stray light limit of the instrument.

Thin molecular films of zinc porphyrin were adsorbed to ITO in order to measure
charge transfer kinetics as a function of properties such as molecular orientation, binding
chemistries and surface coverage. The energy diagram for charge transfer and
photoinduced reactions were outlined in Figure 3.3. The energy diagram was then
adjusted, shown in Figure 3.9, after measuring the ZnTCPP and ZnPA thin film mid-
point potentials. Since ITO is highly conductive, it is likely that fast charge injection
occurs from the photoexcited zinc porphyrin to the ITO, followed by rapid
recombination. These charge transfer steps could all be happening on a time scale that is

too fast for the transient ATR instrument to measure.
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The time resolution of the Proteus transient instrument is based on the pulse width
of the laser (5-7 ns). However, the incorporation of the optical elements in the instrument
causes significant light loss. To account for this, the signal from the photodiode is
current amplified (variable gain) which adjusts the time resolution of a transient ATR
experiment from 700 ns to 300 psec, depending on the gain. In these experiments a gain
setting with amplification of 102 is used, which corresponds to a detector rise time of 1.8
usec. Therefore, if the charge transfer and recombination events are occurring faster than
~3 usec, the transient ATR instrument will not be able to record signal on the timescales

necessary to measure the events.

3.4.6b Potential Controlled Transient ATR

It is hypothesized that at open circuit, the forward and backward charge transfer
between the zinc porphyrins and ITO occurs on time scales that are too fast to be
measured with the Proteus instrument. One way to alter the kinetics of charge transfer
and recombination reactions is to decrease the driving force for charge recombination by
holding the electrode at positive potentials. These types of experiments were conducted
by other researchers with dye sensitizers on semiconducting nanocrystalline electrodes.*®
Gervaldo et al. prepared an ITO electrode with a mesoporous tin oxide (SnO) film on to
which they deposited zinc porphyrin. By transient absorbance spectroscopy they
measured the ground state recovery of the porphyrin, as a result of charge recombination.
They did not provide the lifetimes for the potential controlled measurements, but by

estimation there is a long lived component that decays ~3-fold slower for the films held
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at 200 mV (vs. Ag/AgCl) as compared to the films held at -300 mV (vs. Ag/AgCl). The
longer lived transient species could be monitored beyond 15 psec in this experiment.

The strategy for observation of charge transfer at the zinc porphyrin — 1TO
interface is to decrease the driving force for recombination by holding the ITO at positive
potentials. Another strategy is to decrease the driving force for charge injection by
holding the ITO at negative potentials. In the latter situation, a triplet state decay could
possibly be measured.

Thin films of ZnTCPP were prepared on ITO coated slides and coverslips, and
secured into the Delrin ATR cell. Argon-purged 0.1 M TBAP/ACN flowed through the
cell for the duration of the experiments. Since the film was constructed outside of the
cell, there was no blank acquired to obtain absorbance spectra. Intensity spectra as a
function of applied potential were measured to verify that electrochemical contact was
made with the thin film. Figure 3.14A shows the negative difference intensity spectra
ratioed to the 400 mV spectrum as a function of applied potential (vs. Ag wire). Figure
3.14B is the intensity at 420 nm as a function of applied potential. These spectra are
similar to the oxidative bleaching spectra attained from potential controlled steady state
ATR in Figure 3.7B. The mid-point potential is around +1 V vs. Ag wire, establishing
the reference point between the anodized Ag wire reference electrode and the Ag/Ag+
non-aqueous reference electrode, where Ag/Ag+ is +0.5 V vs. Ag wire.

The film was held at a potential for 30 seconds prior to conducting the transient
ATR experiment. As with the open circuit experiments, the species monitored were the

triplet state at 480 nm, the cation radical at 676 nm and when there was sufficient light
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Figure 3.14 (A) Potential controlled difference spectra from 400 mV-1200 mV, vs. Ag
wire of ZNTCPP on ITO in Delrin ATR cell. Spectra were ratioed to the 400 mV

spectrum. (B) Absolute intensity as a function of potential (vs. Ag wire) for ZnTCPP

adsorbed to ITO.
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throughput, utilizing an 1TO coated slide, the ground state recovery of the Soret band at
420 and 430 nm. According to the energy level diagram in Figure 3.9, it would be
expected that as the ITO electrode is held at increasingly positive potentials, approaching
the mid-point potential of ZnTCPP, the driving force for recombination would be
small.’® However, transient decay curves were not observed above the noise for any of
these wavelengths at applied potentials of + 500, 600, 700, 800, 900, 1000 mV, vs. Ag
wire. The other hypothesis was addressed by holding ITO at a negative potential; so that
the driving force for triplet state charge injection would decrease. Transient decay curves
were not observed at 430, 480, or 676 nm at the following applied potentials: -700, -800,
-900, -1000 mV, vs. Ag wire. These experiments were also attempted with ZnPA
tethered to ITO with comparable results.

There are several possibilities for not observing transient decay curves at the zinc
porphyrin — ITO interface with the transient ATR instrument. The first that was
addressed is the excitation efficiency in regards to the surface coverage and sensitivity of
the instrument. Section 3.4.6a outlines the details of the sensitivity argument. It can be
concluded that zinc porphyrin is sufficiently photoexcited and that the instrument is
sensitive enough to measure transients with a molar absorptivity of ~5,500 M™*cm™. The
second possibility is that charge transfer and recombination between zinc porphyrin and
ITO is happening on a fast timescale which is not within the time resolution of the
Proteus instrument. A strategy to slow down the reaction was implemented. By holding
ITO at positive and negative potentials, it was hypothesized that the driving force was

decreased and therefore the kinetics of charge injection and recombination slowed.*®® It
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is possible that the kinetics were altered, but were still too fast for the time resolution of
the instrument.

Another way to slow down the kinetics is to decrease the temperature. ZnTPP in
methylene chloride at 77K is known to have a triplet state lifetime of 26 ms.*® Another
strategy to investigate the zinc porphyrin-ITO interface could be to adsorb zinc porphyrin
to ITO nanoparticles and measuring them in solution in a cuvet. The light loss through
the optics in the ATR geometry drastically limits the time resolution of the measurement
and utilizing nanoparticles would allow for nanosecond lifetimes to be measured. The
disadvantage of this approach is losing the ability to apply a potential to the ITO and
measure charge transfer as a function of molecular orientation.

In addition to these hypotheses for inability to measure transients at the zinc
porphyrin — ITO interface, there are many other chemical questions that arise from these
experiments. The behavior and chemical nature of non-aggregated porphyrin solution
samples cannot necessarily be extrapolated to porphyrins adsorbed to a conducting metal
oxide. The ATR spectra in Figures 3.7A and 3.8A suggest that aggregation of the
porphyrin occurs on the surface, in addition, there may also be local molecular
environment effects resulting in significant alterations of the excited state behavior. The
zinc porphyrin molecular thin film must be further studied to understand the chemical
influences on the photoinduced excited states, which directly affect the kinetics of charge

transfer to a metal oxide, for example.
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3.5  Results and Discussion: Zinc Porphyrin Mono- and Multilayers on Glass

Efficient charge transfer at the molecular thin film — TCO interface is important
for performance of OPVs. Properties such as molecular orientation,’ energy alignment™
and chemical nature are hypothesized to influence charge transfer. It is necessary that the
excited state lifetimes of the donor species are sufficiently long to promote charge
transfer and resist decay and recombination pathways. The excited state lifetimes of the
molecule at the molecular thin film — TCO interface are not well understood. In order to
improve our knowledge about the kinetics at the molecular thin film — TCO interface,
zinc porphyrins were tethered to ITO and electrochemical and optical properties were
investigated. It is clear from the electrochemical results that zinc porphyrins bound to
ITO behave differently than zinc porphyrins in solution.’® This is highlighted in the
energy level diagram in Figure 3.9. Transient ATR experiments were conducted to study
the charge transfer at the zinc porphyrin — ITO interface, at open circuit and at positive
and negative potentials. Transient decays were not observed for these systems and a
thorough explanation is given in Section 3.4.6.

It is therefore hypothesized that a key aspect to charge transfer is how the local
chemical environment influences the excited state lifetimes. When adsorbed to a surface,
the porphyrin experiences the attraction or repulsion of the surface charge. As the
porphyrin aggregates or forms strong intermolecular interactions with other species, new
pathways for excited state decay are introduced.® Mono- and multilayer thin films of

zinc porphyrin were prepared and studied on inert glass as opposed to ITO in order to
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probe how the local molecular environments will specifically influence the excited state

lifetimes.

3.5.1 Solution Transient Absorbance of Zinc Porphyrins and Charged Polymers

Films were prepared using electrostatic layer by layer (LbL) deposition, a
convenient method to form thin films®, as described in Chapter 2. The LbL method
utilizes charged molecules and polymers to form multilayer films. Prior to studying zinc
porphyrins incorporated into films with charged polymers, transient absorbance studies
were done to evaluate how the photoinduced reactions of dissolved porphyrins were
affected by the presence and absence of charged polymers. These experiments served as
controls for the mono- and multilayer film experiments.

The polymers used for these studies were positively charged poly(allylamine
hydrochloride) (PAH) (Sigma) and negatively charged poly(sodium 4-styrenesulfonate)
(PSS) (Sigma). The polymers were dissolved in water (HPLC grade), and the
concentrations calculated by the molecular weight of the monomeric unit, 93.5 g/mol and
206 g/mol, for PAH and PSS, respectively. Due to its compatibility with the aqueous

LbL assembly method, ZnPA was the focus of these experiments.

3.5.1a ZnPA with PAH
Solution samples of ZnPA combined with the charged polymers were studied as
controls for the thin film experiments. The solution sample results are discussed in this

section and in Section 3.5.1b. UV-Vis absorbance spectra for 10 uM ZnPA in MES
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buffer (pH 5.5) (ZnPA) and 10 uM ZnPA + 5 mM PAH in MES buffer (pH 5.5) (ZnPA-
PAH) are shown in Figure 3.15. At a pH of 5.5, there is a single negative charge on each
of the phosphonic acid groups on the porphyrin because the pKa values of the phosphonic
acids groups are 3 and 8.*° The broadening of the Soret band and red shift of the Q-
bands suggest an aggregated species when the negatively charged ZnPA was combined
with PAH. The Soret band:Q-band ratios were 29 and 13 for the ZnPA and ZnPA-PAH
solutions, respectively. PAH does not absorb in the visible region, so there were no
bands interfering with ZnPA in the absorbance spectra.

All of the solution transient experiments were conducted on the Proteus transient
instrument in the 1 cm x 1 cm quartz cuvet. The samples were excited with ~560 nm
from the dye laser pumped by the Nd:YAG. The excitation and the monitoring beam
were aligned perpendicular to one another. Transient absorbance curves were measured
before and after purging with argon. The triplet state was monitored at 480 nm and the
ground state recovery was monitored at 430 nm for all of the solution experiments.

The transient decay and recovery curve for unpurged 10 uM ZnPA in 10 mM
MES buffer (pH 5.5) (ZnPA) is shown in Figure 3.16A. The triplet decay at 480 nm and
the ground state recovery at 430 nm were both fit to first order exponentials with
lifetimes of 3.7 pusec and 4.2 usec, respectively. These values are also reported in Table
3.1. Figure 3.16B shows the transient decay and recovery for argon purged 10 uM
ZnPA, also measured at 480 nm and 430 nm, respectively. These curves were also fit to
first order exponentials with triplet state lifetime of 20 psec and the ground state recovery

lifetime of 19 psec, as reported in Table 3.1.



133

2.50
——10 uM ZnPA
2.00 -
=10 uM ZnPA +5 mM PAH
()]
o 1.50 -
©
=
2
£ 1.00 - /
0.50 -
0.00 . T .
350.00 450.00 550.00 650.00 750.00
Wavelength (nm)

Figure 3.15 UV-Vis absorbance spectra of 10 uM ZnPA (blue) and 10 uM ZnPA + 5
mM PAH (red) in MES buffer.
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Figure 3.16 Transient decay and recovery curves of 10 uM ZnPA in 10 mM MES buffer
(pH 5.5): (A) unpurged at 480 nm (blue) and 430 nm (red) and (B) argon purged at 480

nm (blue) and 430 nm (red).
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Table 3.1 Transient absorbance lifetimes and weighing factors for ZnPA solution and

multilayer films.

A Lifetime Weighing
factors
10 UM ZnPA unpurged 480 nm 3.7 usec 1.0
10 M MES bufer 430 nm 4.2 psec 10
(ZnPA) argon 480 nm 20 psec 1.0
purged | 430 nm 19 usec 1.0
unouraed 480 nm | 3.3 usec, 15 usec | 0.3,0.7
10 M ZuPA + S mM PAH, |~ | 430 nm | 6.5 yisce, 20 usce | 0.47, 053
10 mM MES buffer 480 nm | 400 psec, 1.2 ms 0.13,0.8,
(ZnPA-PAH) afgo“d (0.07)
purge 0.19, 0.8,
430 nm | 400 psec, 1.4 ms (0.01)
12 uM ZnPA + 500 uM | unpurged jgg 22 4312 “Zzz 1-8
PSS, 10 mM MES buffer - H :
(ZnPA-PSS) argon | 480 nm 27 psec 1.0
purged | 430 nm 28 usec 1.0
unpurged 480 nm 2 MS::’C - 0'3’ 0.7
12 uM ZnPA + 500 uM PSS | SPUTd 150 e T
+5mM PAH, nm
10 mM MES buffer agon | 480TM 83 “;:2;570 0.39, 0.61
(ZnPA-PSS-PAH)
purged 420 nm 81 usec, 570 0.43. 0.57
psec
*glass/PAH/(ZnPA/PAH) 100 ;J?;e”d 430 nm | 6 psec, 430 psec | 0.64, 0.36

*UV-Vis absorbance spectrum suggests demetallation of ZnPA.
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The values of triplet decay and ground state recovery are comparable to each
other for both the unpurged and argon purged samples. The fit to first order exponentials
reflect the excited state species decay pathway via intersystem crossing to the triplet state
and decay to the ground state. As expected, since the porphyrin excited states are
sensitive to oxygen, purging with argon yields longer lived excited state species. These

values are not as long lived as the typical zinc porphyrins in solution,®"®

where triplet
state lifetimes are in the hundreds of microseconds and milliseconds.®” While the
solvent effects on the excited state lifetimes of ZnPA have not been thoroughly
investigated, it is known that porphyrins such as zinc(lI1)tetrakis(4-sulfonatophenyl)
porphyrin (ZnTSPP), tend to dimerize even at modest concentrations of electrolyte.™*’
Kadish, et al recently studied zinc porphyrin with diethoxyphosphoryl (P(O)(OEt),)
groups in the para-position of the phenyl ring.**® They noted that the P(O)(OEt), can
bind to the Zn(11) ion of another porphyrin in solution (most likely via the P=0---Zn) and
the aggregation was both solvent and concentration dependent. At a 10* M concentration
of this zinc porphyrin, there was only a 20% decrease from the linear Beer’s law molar
absorptivity, with almost no apparent Soret band broadening.*® From the UV-Vis
absorbance of 10 uM ZnPA, it is difficult to determine if weak aggregation is occurring.

99-100 thjs is another

Since aggregation is known to quench the triplet excited state,
possibility for a decreased triplet state lifetime as compared to zinc porphyrins in the
literature.”’

The transient absorbance decay and recovery curves for 10 uM ZnPA + 5 mM

PAH in MES buffer (pH 5.5) (ZnPA-PAH) are shown in Figure 3.17. First order
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Figure 3.17 Transient decay and recovery curves of 10 uyM ZnPA + 5 mM PAH in 10
mM MES buffer (pH 5.5): (A) unpurged at 480 nm (blue) and 430 nm (red) and (B)
argon purged at 480 nm (blue) and 430 nm (red).
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exponentials did not adequately fit both of the unpurged and argon purged decay and
recovery curves, so 2" order exponentials were used as reported in Table 3.1. The
unpurged triplet state had lifetimes of 3.3 psec and 15 psec with weighing factors of 0.3
and 0.7, respectively. The ground state recovery curve for the unpurged solution was fit
with lifetimes of 6.5 psec and 20 psec with weighing factors of 0.47 and 0.53. After
argon purging, the lifetimes were also fit to 2™ order exponentials. Compared to the
unpurged samples, the triplet state lifetimes were significantly extended to 400 psec and
1.2 ms with weighing factors of 0.13 and 0.8, respectively. For the decay curve at 480
nm a third component, referred to an ‘infinite’ component was included in the fit, since
the absorbance did not reach the pre-excitation value. This component had a weighing
factor of 0.07. The ground state recovery had lifetimes of 400 psec and 1.4 ms with
weighing factors of 0.19 and 0.8, respectively. The absorbance at 430 nm also did not
completely recover, so a third ‘infinite’ component was applied with a weighing factor of
0.01. The triplet state decay and the ground state recovery lifetimes agree, showing that
triplet formation and decay to the ground state is the predominant relaxation pathway.

Longer triplet and ground state recovery lifetimes when the samples were argon
purged was expected. It is not clear why, in the presence of the positively charged PAH,
the lifetimes are significantly longer for both the unpurged and argon purged samples as
well as including a 2" component in the fit. From the UV-Vis absorbance spectra, the
broadening of the Soret band although indicative of aggregation, could also represent the
close association of the ZnPA with the PAH.2 1% |t is likely that there are strong

electrostatic interactions since these molecules are oppositely charged.
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One hypothesis is if ZnPA in MES buffer is prone to weak aggregation, then this
aggregation provides a rapid triplet state decay pathway, with only slight effects from
oxygen quenching. This explains the slight increase in lifetimes of the triplet state from
3.7 usec to 20 usec after argon-purging. If the studies on the zinc porphyrin with
(P(O)(OEt), groups™*® can be applied to ZnPA, the interaction of the Zn(I1) ion with the
phosphonic acid group would appear as J-aggregates, where the center metal of one
porphyrin aligns with the phosphonic acid groups on another porphyrin.

When PAH is introduced into the solution, the electrostatic interaction between
the positive charge on the amine and the negative charge on the phosphonic acid group
dominates and the weak self-aggregation of the ZnPA is disrupted. The broadening in
the Soret band of the ZnPA-PAH absorbance spectrum is indicative of electronic
coupling, from the interaction between the amine group and the porphyrin as well as
porphyrin aggregation seen with other electrostatic porphyrin polymer systems.**° Prior
to argon-purging the ZnPA+PAH solution, the triplet state was quenched by oxygen in
solution with a lifetime of 3.3 psec and 15 psec. After argon-purging the decay
significantly increased in lifetime to 400 psec and 1.2 ms. The longer lived lifetime is
comparable to zinc porphyrin lifetimes reported in literature.””®

More studies should be conducted to determine if ZnPA will behave differently in
a lower concentration of MES buffer and in solutions of varying pH. The aggregation
can be determined by examining the Beer’s law linearity. As discussed previously,
weakly aggregated solutions may only have a ~20% decrease from Beer’s law

linearity,**® but even slight aggregation may affect triplet decay pathways. The zinc
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porphyrin with (P(O)(OEt), groups was characterized with crystallography and
electrochemistry in the presence of a triphenylphosphine oxide. From these studies,
Kadish et al. was able to determine the binding of the phosphoryl group to the Zn(l1)

ion."® These methods could potentially be employed for ZnPA as well.

3.5.1b ZnPA with PAH and PSS

The films of ZnPA on glass that were studied also contained the negatively
charged polymer PSS, so it was necessary to conduct control experiments on solutions of
the ZnPA with PSS, as well as solutions of all three components: ZnPA, PAH and PSS.
UV-Vis absorbance spectra were obtained for 12 uM ZnPA + 500 uM PSS in 10 mM
MES buffer (pH 5.5) denoted (ZnPA-PSS) and 12 uM ZnPA + 500 uM PSS + 5 mM
PAH in 10 mM MES buffer (pH 5.5) denoted (ZnPA-PSS-PAH), and are shown in
Figure 3.18. 10 uM ZnPA in 10 mM MES buffer (pH 5.5) is shown in Figure 3.18 as a
reference. The spectrum of ZnPA-PSS sample does not exhibit shifts in the peak
absorbance wavelength of the Soret band or the Q-bands as compared to the ZnPA alone.
However, the ZnPA-PSS absorbance spectrum has a slight shoulder around 445 nm
which is not present in the ZnPA absorbance spectrum. The ZnPA-PSS-PAH solution
has a broadened Soret band, and red shift of the Soret band and Q-bands maxima. This
spectrum is similar in shape to the ZnPA-PAH sample, but the broadening is less severe
with the addition of PSS. This is clear by comparing the Soret band absorbance maxima,

1.2 a.u. and 1.7 a.u. for the ZnPA-PAH and ZnPA-PSS-PAH samples, respectively.
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Figure 3.18 UV-Vis absorbance spectra of 12 uM ZnPA + 500 uM PSS (blue); 12 uM
ZnPA + 500 uM PSS + 5 mM PAH (red); 10 uM ZnPA in MES buffer (green).
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Transient absorbance experiments were performed on the ZnPA-PSS solution and
the decay and recovery curves are shown in Figure 3.19. The unpurged and argon purged
samples were fit to first order exponentials and are reported in Table 3.1. The triplet
decay and ground state recovery curves for the unpurged sample were fit to lifetimes of
3.5 usec and 4.5 psec, respectively. These values are comparable to the unpurged ZnPA
solution. After argon purging the decay and recovery curves were fit to lifetimes of 27
usec and 28 psec, respectively. These lifetimes are longer than those of the unpurged
samples, and slightly longer than those of the ZnPA argon purged solution, but they still
are less than those reported for other zinc porphyrins, which are from 650 psec — 1.4
ms.”’

ZnPA and PSS are both negatively charged, so there is most likely little
interaction between the molecules, as shown with other porphyrin and like-charged
polymers.’® The additional negative charges from the PSS may change the solvation of
the ZnPA slightly altering the triplet decay kinetics. Although the hypothesis is
supported that the dominant triplet decay pathway is from a potentially weakly
aggregated ZnPA solution and not oxygen quenching.

Transient decay and recovery curves for the ZnPA-PSS-PAH sample are shown in
Figure 3.20. First order exponentials did not adequately fit the curves, so they were fit
with 2™ order exponentials and are listed in Table 3.1. Only the triplet state decay at 480
nm for unpurged ZnPA-PSS-PAH was fit, since the noise was extremely high for the
recovery curve at 430 nm. The lifetimes were 20 psec and 125 psec with weighing

factors of 0.3 and 0.7, respectively. The triplet state decay curve for argon purged ZnPA-
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Figure 3.19 Transient decay and recovery curves of 12 uM ZnPA + 500 uM PSS in 10

mM MES buffer (pH 5.5): (A) unpurged at 480 nm (blue) and 430 nm (red) and (B)

argon purged at 480 nm (blue) and 430 nm (red).
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Figure 3.20 Transient decay and recovery curves of 12 uM ZnPA + 500 uM PSS + 5
mM PAH in 10 mM MES buffer (pH 5.5): (A) unpurged at 480 nm (blue) and 430 nm
(red) and (B) argon purged at 480 nm (blue) and 420 nm (red).
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PSS-PAH was fit to lifetimes of 83 psec and 570 psec with weighing factors of 0.39 and
0.61, respectively. The transient recovery curves at 430 nm were extremely noisy, so the
ground state recovery was monitored at 420 nm for the argon purged sample. The
recovery curve was fit to lifetimes of 81 psec and 570 psec with weighing factors of 0.43
and 0.57, respectively. The argon purging successfully extended the triplet state
lifetimes, although they are not as long lived as the argon-purged ZnPA-PAH samples.

The triplet decay and the recovery curves have the same lifetime fit for the argon-
purged ZnPA-PSS-PAH solution, which indicates that the excited state proceeds through
intersystem crossing to the triplet state which decays via two different pathways back to
the ground state. The introduction of PAH to the ZnPA-PSS sample clearly disrupts, to
some extent, the weakly aggregated ZnPA. In all of these solutions there is a balance of
intermolecular interactions that are affecting the triplet state lifetimes. When ZnPA is in
MES buffer or with PSS the dominant interaction is hypothesized to be between the
phosphoryl group and the zinc (11) ion to form aggregates. Those interactions are
disrupted by the electrostatic interactions between oppositely charged molecules. The
effects need to be further studied to determine if the interactions are dominated by the
charges or if the specific functional groups play a role.

As with the ZnPA-PAH solutions, the transient results from the ZnPA-PSS-PAH
samples lead to more questions about the stability of the excited states in these complex
environments. From the results presented in Table 3.1 the triplet state lifetime lengthens
as the degree of aggregation increases: ZnPA-PAH>ZnPA-PSS-PAH>ZnPA-PSS =

ZnPA. The ZnPA-PSS solution has comparable triplet decay lifetime to the ZnPA
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sample. Clearly, different molecular environments with these solution experiments
yielded alterations in the triplet decay lifetime of zinc porphyrin. In an OPV, the
efficiency of the device is dictated by the charge transfer and migration processes at the
interfaces. The electron transfer at a molecular thin film/TCO interface is strongly
influenced by the lifetimes of the excited states. If the local molecular environment is
dominated by chemical interactions which promote a rapid excited state decay, the charge

transfer efficiency is impaired.

3.5.2 Layer by Layer Films of Zinc Porphyrins and Charged Polymers

The previous investigations established an understanding of the photoexcited
behavior of ZnPA in the presence of the charged polymers, PAH and PSS, in solution.
The interaction hypothesized to dominate the local molecular environment of the
porphyrin is self-aggregation, which is disrupted by addition of the positively charged
PAH. The electrostatic environment, in this case, contributed to longer lived triplet states
as compared to ZnPA in MES buffer.

Multilayer films containing ZnPA were prepared so that sensitivity was not a
limiting factor, and the excited state lifetimes were probed. Although the films have a
moderate degree of complexity, these investigations are important to evaluate how the
photoinduced excited state lifetimes and eventually charge transfer kinetics are affected
by the local, molecular environment.

The films were constructed with electrostatic LbL self-assembly. Borosilicate

glass coverslips (VWR) were cleaned in piranha (7:3, sulfuric acid: 30% hydrogen
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peroxide) for 10 minutes. They were then rinsed thoroughly in nanopure water and
immediately immersed for at least one hour in the positively charged solution, 10 mM
PAH in water (pH adjusted to 8.7 with HCI). The coverslips were then rinsed in water
(HPLC grade) and immersed in either 10 uM ZnPA in 10 mM MES buffer (pH 5.5)
(ZnPA) or 10 uM ZnPA + 500 pM PSS in 10 MES buffer (pH 5.5) (ZnPA-PSS) for 10
minutes. The film was then rinsed in water (HPLC grade) and immersed in 10 mM PAH
for 10 minutes. The multilayer films were made by successive immersions in oppositely
charged solutions in this fashion until ~25 bilayers (ZnPA/PAH) or (ZnPA-PSS/PAH)
were formed. These depositions were done on both sides of the coverslip so the total
number of bilayers formed was twice this value, ~50 bilayers. After the final PAH layer,
the film was rinsed with water and blown dry under a stream of No.

The sample glass/PAH/(ZnPA/PAH)s, was cut into several pieces with a diamond
glass cutter and 2 pieces were inserted into a 1 cm pathlength cuvet. The cuvet was filled
with water and purged with argon. A transmission UV-Vis absorbance spectrum was
obtained of the ~100 bilayers on glass and is shown in Figure 3.21A. The ratio between
the Soret band maximum at 434 nm and the first Q-band at 565 nm is 11.5, which is close
to the ratio for the ZnPA-PAH solution sample, 13. Another point to note is the presence
of another Q band around 635 nm. Due to the D4, symmetry of the zinc porphyrin, there
should only be two Q-bands. Demetallated porphyrins such as H,TCPP have four Q-
bands, measured at 518 nm, 556 nm, 596 nm and 635 nm.*” Although only 3 Q-bands
are apparent in the spectrum, it is possibly that a fourth is concealed under the light

scattering background. These data suggest that a fraction of the porphyrin in the film is
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Figure 3.21 (A) UV-Vis absorbance spectrum of glass/PAH/(ZnPA/PAH)100. (B)

Transmission transient absorbance curve of glass/PAH/(ZnPA/PAH)10o.



149

demetallated. In general, demetallated porphyrins have shorter triplet state lifetimes as
compared to zinc porphyrins, ranging from 100 psec — 1.5 ms.

The cuvet was set up in the Proteus transmission transient absorbance instrument
and the glass/PAH/(ZnPA/PAH)10o film was excited by the light from the Nd:YAG
coupled to the dye laser with a wavelength of ~560 nm. The species monitored were the
triplet state at 480 nm and the ground state at 430 nm. The transient recovery curve at
430 nm is shown in Figure 3.21B. A first order exponential did not adequately fit the
recovery curve, so it was fit to a 2" order exponential. The lifetimes were 6 psec and
430 psec with weighing factors of 0.64 and 0.36, respectively. The signal to noise at 480
nm was too low to measure a triplet decay lifetime. The longer lifetime component of
430 psec for the recovery curve is shorter than the longest values for the solution
experiments. It is hypothesized that as the films were being formed, ZnPA was able to
deposit on the PAH, maintaining a portion of its weak self-aggregation. As the films
were constructed, the PAH disrupted the majority of these interactions and therefore the
ZnPA self-aggregation did not dominate the excited state kinetics. It is also likely that
during the deposition process, the porphyrin was demetallated and therefore a comparison
cannot be made between the solution and multilayer films.

Multilayer films were also prepared with co-deposited ZnPA-PSS, and
transmission transient absorbance experiments were performed, but there was no signal
above the noise for either the triplet state decay or the ground state recovery. As with the
glass/PAH/(ZnPA/PAH) 1o film, the glass/PAH/(ZnPA-PSS/PAH)1qo film also showed a

third Q-band that suggested demetallation of the porphyrin had occurred.



150

In order to eliminate the additional population of demetallated ZnPA that was
evidenced with the thick films, thinner films were prepared for transient ATR
spectroscopy using slight alterations to the process described previously. ZnPA and
ZnPA-PSS were only deposited on a single side of the glass coverslip by balancing the
coverslip on a watch-glass so that one side was facing up. The porphyrin solution was
applied dropwise so that it spread over the entire face of the coverslip. The coverslip was
covered with a glass water bath container to prevent significant evaporation of the ZnPA
or ZnPA-PSS solution in contact with the coverslip. Only 1-4 bilayers were deposited for
the transient ATR experiments. UV-Vis absorbance spectra of these films did not show
additional Q-bands, suggesting that the zinc porphyrin was not demetallated in these
samples as shown in Figure 3.22.

The films were secured in the Delrin cell and BK-7 right angle prisms placed on
the coverslip with index matching fluid (n=1.51). Transient ATR experiments were
conducted while flowing argon purged water (HPLC grade) through the Delrin flowcell.
The films were excited with the light from the Nd:YAG laser coupled to the dye laser at a
wavelength of ~560 nm. As with the zinc porphyrin films on ITO, the high molar
absorptivity of the Soret band resulted in the instrument reaching the stray light limit
between 400-430 nm. Therefore, only the triplet state at 480 nm was monitored. There
was no signal measured above the noise for any of these samples with transient ATR
spectroscopy. The chemical explanation for immeasurable triplet state yields is unclear.

It was hypothesized that the weakly aggregated ZnPA in MES buffer had presented a
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rapid triplet state decay pathway. Larger aggregated ZnPA populations could be forming
in the multilayer films and as a result the triplet is rapidly quenched.

The inability to measure the transient states in the zinc porphyrin films could be
due to self-exchange (electron transfer) or self-transfer (energy transfer). Photosynthetic
organisms utilize electron and energy transfer to efficiently convert sunlight to energy.
Research groups have used this paradigm as a model to construct artificial reaction
centers and in turn studied interporphyrin electron and energy transfer.*2%2*

Porphyrins are well suited for electron transfer because of their highly conjugated
7 systems and they have minimal structural change as a result of uptake or release of an
electron. The metal center, the porphyrin ligands and the non-planar distortion of the
porphyrin skeleton all play a role in the efficiency of heterogeneous and homogeneous
electron transfer.'* According to Marcus theory, the rate of electron transfer includes a
reorganization component.*?® Cross reactions of metalloporphyrins with outer-sphere
oxidizing or reducing agents can be extrapolated using the Marcus cross relation to
estimate the reorganization energy and rate constants for self-exchange reactions of
metalloporphryins.*?> 2" Fe**3* and Co?*"®** metal-centered porphyrins were found to
have relatively slow electron self-exchange rates with rate constants of 10’ — 10° M™ s*
and 10° — 10* M s, respectively. The relatively large inner-sphere reorganization
energies were hypothesized to cause these slow electron transfer rates, which is expected
for metal centers participating in the electron transfer.*?® In comparison, porphyrin-
centered redox reactions (between the metalloporphyrin and the m-cation radical) of

Cu(ll) and Zn(I1) complexes of 5,10,15,20-tetraphenelporphryin (TPP) are more highly
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reactive because of the smaller inner-sphere reorganization energies. The self-exchange
rate constants between the parent porphyrin and its cation radical were determined to be
10" M* st and 10" M s for the Cu(TPP) and Zn(TPP), respectively.*?> Aoki and co-
workers evaluated the self-exchange rate constants between the parent porphyrin and the
n-cation radical for planar and highly distorted Cu(l1) and Zn(1l) porphyrin complexes.
The highly distorted porphyrins exhibited slower self-exchange reactions, with rate
constants of 10% — 10° M™ s, This was attributed to the large reorganization energy
needed to transfer an electron from the parent complex to the highly deformed n-cation
radical.’®® The zinc porphyrin molecules in the thins film studied herein are similar to
Zn(TPP) studied by Aoki et al. The absorbance data collected suggest significant
aggregation of the zinc porphyrin molecules in the films. Although the reorganization
energy is not known for ZnTCPP and ZnPA tethered to ITO, rapid homogeneous electron
transfer is likely to occur upon photoexcitation. Therefore it is possible that an
appreciable fraction of the excited state species may not be present in the optical path to
be monitored. Ultimately, the limiting factor in this case is the timescale of the Proteus
transient ATR instrument (~3 psec).

Energy transfer is also possible in these closed-packed zinc porphyrin films.
Singlet-singlet Forster energy transfer occurs from an excited donor molecule to an
acceptor molecule through resonant coupling of the transition dipoles.*®* This process is
non-radiative and highly dependent on the intermolecular distance. The key factors
include quantum yield of the donor molecule, spectral overlap of the donor and acceptor

molecules, directional relationship of the transition dipoles, refractive index of the
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medium, and distance between chromophores. Forster energy transfer can occur over
distances of ~1-10 nm.*?*** Overlap of  orbitals as indicated by the aggregation of zinc
porphyrin molecules may also promote singlet-singlet or triplet-triplet Dexter energy
transfer.*® Dexter energy transfer requires the overlap of wavefunctions or the electron
clouds and is considered short-range energy transfer, because it occurs over distances of
~1 nm or less. Dexter energy transfer has an exponential relationship to chromophore
distance.**

Kroeze et al. investigated self-organizing porphyrin films (~50 nm thick) on TiO;
and the nature of exciton diffusion or energy transfer through these films in order to
improve the incident-photon-to-charge-separation efficiency (IPCSE).**! Films of a free-
base tetra-para-octylphenyl porphyrin, upon annealing, presumably achieved a lamellar
phase consisting of ordered stacks of porphyrin molecules on TiO,, with an edge-
on/perpendicular orientation to the surface. They concluded that the unannealed and
therefore randomly distributed porphyrin films gave a 10% IPCSE, as a result of both
singlet and triplet excited state injection into the TiO, as well as triplet state Dexter
energy transfer through the film at distances of at least 9.6 nm.*** The annealed and thus
ordered films presumably disabled the triplet-triplet energy transfer because the distances
between the lamellae stacks increased as compared to the unannealed films and overall
gave an IPCSE of 1%. Kroeze and co-workers concluded that singlet electron transfer of
the porphyrin layer directly adjacent to the TiO, was the dominant contribution to the
IPCSE with the annealed films.*** As with interporphyrin electron transfer, it is possible

that Forster and even Dexter energy transfer is happening efficiently in the ZnPA and
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ZnTCPP thin films. On microsecond timescales, the current limit of the Proteus transient
ATR instrument, an appreciable fraction of the excited state may diffuse prior to the

monitoring.

3.5.3 Films with ZnTSPP

The nature of the immeasurable yields of the triplet state for ZnPA incorporated
into the LbL films with PAH and PSS is not fully understood. In addition, the ZnPA
excited state behavior in solution is not completely established, specifically the effects of
pH, electrostatic charges and different functional groups. Therefore, the chemical
question arose regarding the role of the phosphonic acid functional group and its effect on
the ZnPA photoinduced excited states. It was hypothesized that there is an interaction
between the phosphoryl group and the Zn(l1) ion to cause weakly aggregated species in
solution which resulted in rapid triplet state decay lifetimes. In order to study if the
susceptibility of the zinc porphyrin to its local molecular environment lies within the
nature of the phosphonic acid functional group or is a property of the zinc metal center,
the analogous zinc porphyrin, zinc(I)tetrakis(4-sulfonatophenyl) porphyrin (ZnTSPP)
(Frontier Scientific) was investigated. Investigations involving palladium(ll)tetrakis(4-
sulfonatophenyl) porphyrin (PdTSPP) along with PAH and PSS are discussed in detail in
Chapter 4. LbL films were constructed using PdTSPP and the triplet state lifetimes were
measured, with lifetimes on the order of hundreds of microseconds, using transient ATR

spectroscopy.
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The structure of ZnTSPP is shown in Figure 3.23A. The UV-Vis absorbance
spectrum of 1 pM ZnTSPP in water (HPLC grade) is shown in Figure 3.23B. LbL films
were prepared as described previously, depositing ZnTSPP and ZnTSPP-PSS on a
single side of the PAH coated glass coverslip. The films were set up in the Delrin
flowcell and argon was blown over the cell throughout the transient experiments. This
was the procedure used in studies with PATSPP thin films. In separate experiments the
films were excited at both ~560 nm and 532 nm. The triplet state was monitored at 480
nm and there was no appreciable signal above the noise for any of these films. As with
the other porphyrin samples on coverslips, the wavelength range of 400-430 nm had
reached the stray light level of the instrument due to the strongly absorbing Soret band.

From these investigations, it is likely that the zinc metal centered porphyrin is
exceptionally susceptible to its local molecular environment as compared to the
palladium metal centered porphyrin. In solution, the intersystem crossing quantum
efficiency (Qisc) for PATSPP is 1.0, while for ZnTSPP it is 0.84%". The metal center has
a strong interaction with the porphyrin macrocycle, which is evident in the differences
between the electronic states shown in the UV-Vis absorbance spectra. The differences
can arise with the valence state of the metal, in this case Pd and Zn are diamagnetic.'**
The heavy-atom effect is one factor that controls the nature of the metal interaction with
the porphyrin ring and as a result the excited state lifetimes. Pd with an atomic number
of 46, is heavier than Zn with an atomic number of 30. Pd porphyrins have very short

singlet state lifetimes, but exhibit a higher Qisc as compared to zinc porphyrins.®”®® 14
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Figure 3.23 (A) Molecular structure of zinc(I)tetrakis(4-sulfonatophenyl) porphyrin
(ZnTSPP) and (B) UV-Vis absorbance of 1 uM ZnTSPP in water.
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One hypothesis is that the aggregated zinc porphyrins experience quenching of the singlet
state and do not convert to the triplet state. Since the Pd porphyrins have a higher Qsc,
the triplet state is formed, even when aggregated. Another possibility is that energy
transfer occurs with the Zn porphyrins and does not occur with Pd porphyrins. Therefore
the excited states in the film have diffused out of the monitoring path before converting
to the triplet state or decaying to the ground state. Since the Pd porphyrin Qsc is
extremely efficient, the triplet state is created and Forster energy transfer is forbidden.

In addition to the chemical nature of local molecular environment, the intrinsic
properties of the molecule used in the OPV systems is extremely important for creation
and lifetime of excited state species which inherently affects the charge transfer

efficiency at interfaces.

3.6 Conclusions

This study investigated the properties at the interface between zinc porphyrin and
ITO in order to further our understanding about the factors which affect charge transfer.
The examination of the electrochemistry and spectroelectrochemistry results of ZnTCPP
and ZnPA tethered to ITO show that the binding chemistries contribute to the energy
level alignment at this interface. Comparing redox potentials for ZnTCPP thin films on
ITO and dissolved ZnTCPP demonstrated that it was more difficult to oxidize the
ZnTCPP thin films. This was attributed to the limited access of the counterions to access

the redox center of the ZnTCPP in a closed-packed monolayer.
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The molecular orientation and surface coverage were also hypothesized to

influence charge transfer. The mean tilt angle for ZnTCPP and ZnPA adsorbed to ITO

was 34° and 39°, respectively. The surface coverages corresponded to ~1.0 and 0.9 ML

for ZnTCPP and ZnPA, respectively if the molecules were oriented in an edge on

geometry.

These findings, in addition to broadening of the Soret band in the ATR spectra

indicate significant aggregation of the Zn porphyrin films.

The excited state lifetimes and charge transfer kinetics could not be measured at

the Zn porphyrin/ITO interface. There are several possibilities:

1)

2)

3)

The Zn porphyrin was not sufficiently excited by the excitation source.
Calculations in regards to the sensitivity evaluated the molar absorptivities of
the excited state species at the excitation wavelength and the transient state,
the number of total internal reflections and the molecular surface coverage.
After comparing the values with those found from the study in Chapter 2, it
was determined that the experiment was feasible.

Charge transfer reaction was happening, but on timescales too fast for the
transient ATR instrument (3 psec). Experiments were conducted which aimed
to decrease the driving force for recombination as well as decrease the driving
force for charge transfer. These may have been successful in altering the
charge transfer Kinetics, but the reaction may still have been too fast to
monitor

Local molecular environment significantly affected the excited state lifetimes

of the Zn porphyrin. Thus, decay to the ground state occurred before charge
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transfer could occur. The main components hypothesized to influence this
behavior are the Zn porphyrin aggregation and the adsorption to ITO.

ZnPA was further studied in order to understand how the local molecular
environment affects the excited state lifetimes. Control experiments with ZnPA in
solution with charged polymers, PAH and PSS, established different molecular
environments and demonstrated unique triplet state lifetimes. The results established that
the triplet state lifetime of ZnPA lengthened as the degree of aggregation increased.
Multilayer films were prepared on glass (PAH/ZnPA)100 and experiments were conducted
in a transmission geometry to readdress the sensitivity considerations. The ground state
recovery of Zn porphyrin in these high surface coverage films confirmed that instrument
sensitivity was not an issue. The triplet state was not observed and an additional
microenvironment attributed to porphyrin demetallation led to more studies with transient
ATR spectroscopy.

The transient ATR experiments of ZnPA incorporated into charged polymer films
showed no observable evidence of demetallation. The transients for the ground state
recovery at the Soret band were not able to be measured due to the stray light limit of the
instrument. The triplet state was not detected which is comparable to the multilayer
films. Several possibilities for the inability to measure the triplet state include the effects
of the molecular environment contributing to rapid triplet decay or a decrease in
intersystem crossing efficiency. Another possibility is within the Zn porphyrin closed-

packed films that interporphyrin electron and/or energy transfer is occurring. If long
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range electron or energy transfer is efficient, the excited states of the porphyrin molecules
may no longer exist within the optical monitoring path.

Finally, a comparison was made between ZnTSPP and PdTSPP incorporated into
solid-state LbL films. The sensitivity of the instrument was sufficient for Pd porphyrin
thin films and thus should be for the Zn porphyrin thin films as well. 1t was hypothesized
that the singlet state of Zn porphyrin is highly susceptible to quenching in these
aggregated species, where Pd porphyrin is not. The Qsc for PATSPP is 1.0 as compared
to ~0.84 for ZnTSPP, which may allow for Zn interporphyrin electron or singlet-singlet
energy transfer. The nature of the chemical interactions and local molecular environment

are essential for long lived excited states and efficiency of charge transfer at interfaces.
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4. TRANSIENT ATR INVESTIGATION OF LAMELLAR
POLYANION/POLYCATION THIN FILMS TOWARDS UNDERSTANDING

ELECTRON AND ENERGY TRANSFER

4.1 Introduction

In addition to OPVs, other photoconversion systems such as artificial
photosynthesis and water-splitting are of interest to many researchers and pose similar
challenges. Fujishima and Honda demonstrated the first example of water-splitting using
a TiO, photoanode in 1972.1%2 Scientists have been interested in the production of solar
fuels and there have been many recent reviews providing a thorough discussion about
water-splitting.****** Hydrogen is the most abundant element on Earth and a fuel that can
be used directly in combustion engines or combined with CO, to form other long chain
carbon fuels. The most common method of hydrogen production is steam reforming,
utilizing fossil fuels as the resource and with byproducts such as carbon monoxide and
CO,."* Currently, expensive photovoltaic cells are used in hydrogen production via
electrolysis, so there is much to be gained by improving the efficiency of this technology.

The key challenge facing scientists is that photocatalysis of water is a
thermodynamically uphill process. Water-splitting is similar to the processes in organic
photovoltaic cells described in detail in previous chapters. Light absorption results in the
formation of charge separated states between the donor and acceptor systems. Electrons

must flow in the forward direction so water is oxidized to O, on one side of the cell and is
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reduced to H, on the opposite side. An energy level diagram of this process is shown in
Figure 4.1.

As with OPVs, the kinetics of charge transfer at the following interfaces is vital to
the overall efficiency of the water-splitting reaction: water molecule-dye, dye -
semiconductor, and semiconductor-H*. Often the charge recombination steps are fast and
the multi-electron charge transfer needed for the water oxidation and reduction reactions
are slow. 3134

Researchers are investigating many areas to improve the solar conversion
efficiency at a low cost, including synthesis of new catalysts, studying different
semiconductors, etc.™** This chapter focuses on the organization of molecules into
assemblies, which promote long-lived charge separated states as reviewed by
Youngblood et al.*** This work was a continuation of research conducted in the Mallouk

group at Penn State and done in collaboration with John Swierk, a graduate student in the

Mallouk group.

4.1.1 Background to Water-splitting
Water-splitting is technically possible with visible and near infrared light because
the energy difference between the reduction of H,O to H, and oxidation of H,O to O, is
1.23 eV."*" Bolton and co-workers studied the thermodynamics of water and determined
that 12% of incident solar energy could be stored as hydrogen after accounting for
reasonable losses of energy transfer at the interfaces.™®” He did not, however, account for

qguantum yields below 100%. For the past several decades, scientists have not been able
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Figure 4.1 Energy level diagram for water-splitting. The solid arrows represent the
forward electron transfer pathway, while the dashed arrows represent the competing back
electron transfer steps. A dye molecule is adsorbed to a semiconductor. The ground state
of the dye (S) absorbs light to promote an electron to the excited state (S*). H,O donates
an electron to the oxidized dye and forms the oxidation products O, and H*. The excited
state of the dye transfers its electron to the conduction band (CB) of the semiconductor.
The CB of the semiconductor is sufficiently high in energy to donate electrons (4e-) to 4
H+ and form diatomic hydrogen (H,). Eq4 defines the band gap energy of the
semiconductor, which needs to be greater than 3 eV. The dye must have an Eq of at least

1.23 eV, but not larger than 3 eV.
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to achieve quantum yields above 6% with visible light,*® thus the power conversion
efficiency has remained below 0.5%; much lower than the theoretical calculations.
Strategies have been implemented to promote the forward transfer of electrons
and to slow the competitive back transfer. Electron transfer is strongly dependent on the
thermodynamics as well as the distance between the donor and acceptor.** Creating an
organized molecular assembly, utilizing polymer films or small molecules, can define the
physical distance between the donor and acceptor species of the charge transfer reaction.
A way to create multilayer constructions of thin films is with layer by layer (LbL)
assembly, as described in Section 2.3.2. Figure 4.2A depicts the process of LbL
deposition. As noted previously, when the polymer chains assemble, they mix with each
other and the boundaries are described as “fuzzy”.®®> When developing materials and
molecules to investigate charge transfer, the distance between the donor and acceptor
should be well-defined. To address this issue, researchers have used two-dimensional
sheets, referred to as nanosheets, in order to create a stratified assembly.*3* 140142 A

general schematic of an LbL assembly incorporating a nanosheet is shown in Figure

4.2B.

4.1.2 Background to Nanosheets

The microscopic and macroscopic properties of inorganic aqueous clay

143

suspensions were investigated in detail by J. D. F. Ramsay.”™ When microcrystalline

powder of a cation-exchangeable metal oxide is added to water and stirred, the mineral
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Figure 4.2 (A) Schematic of polyelectrolyte layer by layer (LbL) assembly of films. A
positively charged polycation is adsorbed to a negatively charged glass substrate,
followed by the adsorption of a negatively charged polyanion. This process is repeated to
build multilayer films. (B) Schematic of LbL deposition with nanosheet incorporation.
Nanosheets are exfoliated to create 2-D suspensions of a metal oxide. Negatively
charged nanosheets are adsorbed onto a positively charged polycation and help to prevent

intermixing between layers.
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exfoliates into 2-dimensional, crystalline structures or nanosheets. A wide variety of
inorganic layered compounds have been realized with appropriate combinations of
interlayer cations and solvents, including metal chalcogenides, metal phosphates and
phosphonates.® In particular, layered titanium oxide (titanate) has been of interest due to
its semiconducting properties.>® The nanosheets carry a negative charge, which is
balanced by a counter ion such as tetrabutylammonium (TBA™). During the deposition
process, the positive counter ion is displaced by the positive charge of the surface.*°

The two types of nanosheets that are used in this study are insulating alpha
zirconium phosphate (a-ZrP) and a layered metal oxide semiconductor (LMOS),
titanoniobate (HTiINbOs). These nanosheets have been studied extensively in the

Mallouk research group.lgg' 144-145

a-ZrP nanosheets are 1 nm thick, with lateral
dimensions of 1-2 um and act as a passive interlayer (unable to accept electrons). They
can, however, control the morphology of multilayer films by defining specific distances
between the donor and acceptor layers.

The LMOS nanosheets are considered active spacers because they have been
demonstrated the ability to accept electrons from donor molecules.”® The HTiNbOs
nanosheets are also 1 nm thick with lateral dimensions of about 2-5 um. The estimated
band gap energy of bulk HTiNbOs is 3.47 eV and the conduction band edge energy is -
0.66 \V vs. SCE.** These values are estimates calculated at the point of zero charge. The
corresponding values of nanosheets incorporated into multilayer films may be different.

The Mallouk research group has used nanosheets as a way to control the 2-D

construction of multilayer films. They demonstrated a distance dependence for
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fluorescence energy transfer, determined by steady-state emission spectra, between
fluorescein (F1) (donor) and rhodamine B (RhB) (acceptor). a-ZrP nanosheets
incorporated into the multilayer films served as a ‘spectroscopic ruler’.**® A general
schematic for this multilayer assembly is shown in Figure 4.3A. The assemblies were
designed such that the average interlayer distance between the donor and acceptor was
either greater or smaller than the Forster radius, ca 40 A.2** % The energy transfer
efficiencies match closely to the simulated theoretical efficiencies from Monte Carlo
simulations.’® Overall, they demonstrated that a-ZrP nanosheets could successfully
control the interlayer distance and affect the energy transfer efficiency between the donor
and acceptor molecules. Controlling the structure of the multilayers has the potential to
be extended to a variety of charge and energy transfer systems.

The Mallouk group also investigated the use of semiconducting HTiNbOs
nanosheets in the multilayer films.>® They demonstrated, as with o-ZrP in the previous
study, that energy transfer was dependent on the average interlayer distance between the
donor and acceptor molecules. In order to study electron transfer, they also used a
palladium porphyrin as an electron donor and a poly(viologen) as an electron acceptor. A
schematic of the architecture of the film is shown in Figure 4.3B. To investigate electron
transfer and charge separated state lifetimes, these films were constructed on silica
colloids to perform transient diffuse reflectance spectroscopy. The presence of the
reduced poly(viologen) species demonstrated that the electron transfer was successful
between the Pd porphyrin and poly(viologen) with incorporation of either the a-ZrP or

HTiNbOs nanosheets. The significant finding was that a charge separated state lifetime
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Figure 4.3 (A) Schematic of the multilayer construction on a glass substrate for energy
transfer study.™® Fluorescein and rhodamine B were covalently bound to positively
charge PAH and are denoted as FI-PAH and RhB-PAH. The layer in between the donor
(FI-PAH) and acceptor (RhB-PAH) was a series of a-ZrP nanosheets and PAH layers.

To establish the average interlayer distance, the number of interlayers (n) ranged from 0-
3. (B) Schematic of multilayer film construction for energy and electron transfer study.®
The substrates for the electron transfer are silica colloids. A positively charged amine
binds the initial a-ZrP nanosheet to the substrate. The purpose of this layer was to isolate
each layer with distinct boundaries. A positively charged poly(viologen) (PVT-MV?*)
layer was adsorbed, followed by a nanosheet layer, PAH layer and, finally, a Pd

porphyrin layer. PVT-MV?* accepts electrons from the photoexcited Pd porphyrin.
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of 0.9 ms was achieved using HTiNbOs, suggesting that HTiINbOs can readily accept
electrons from the Pd porphyrin and plays an active role in charge transfer. This lifetime
is significant because reducing the rate of charge recombination plays an important role
in charge transfer efficiency not only in water-splitting, but also at interfaces in organic

solar cells.'® ??

4.2 Motivation

The exceptionally long-lived charge separated state lifetimes show promise for
inhibiting charge recombination and increasing efficiencies of water-splitting reactions.
The studies of electron transfer by Mallouk and co-workers were performed on silica
colloids with a diameter of ~50 nm, which is relatively small compared to lateral
dimensions of the a-ZrP and HTiNbOs nanosheets (1-2 pm and 2-5 pm, respectively).>®
It is then expected that the planar morphology of these multilayer films would be
different than on the colloids. The influence of this morphology on the charge separated
state lifetimes is unknown.

In order to utilize charge separation in a device, access to each side of the reaction
is imperative, therefore construction and investigation of multilayer films in a planar
geometry is ideal as opposed to multilayer films on colloids. A complete circuit cannot
be achieved without a connection to both electrodes or reactions. The effect of the
passive and active nanosheets on the electron transfer from a donor to acceptor molecule
in a planar geometry is yet to be determined. To understand the decay pathways

contributing to the extended charge separated state lifetimes in a planar geometry,
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transient ATR spectroscopy was employed for its proven sensitivity to interfaces and thin
films, as demonstrated in Chapter 2. The planar geometry for these studies also allows
for characterization with complementary techniques, such as AFM and ellipsometry.

Multilayer films were constructed with a light absorbing species as the donor
molecule (Pd porphyrin) and an electron accepting species (poly(viologen)). a-ZrP and
HTiNDbOs nanosheets were incorporated into the films to study their effects on the
Kinetics of the photoinduced charge transfer reaction. The optical markers of these events
are the absorbance of the reduced electron acceptor and the cation radical of the donor
molecule, which are different from the neutral, ground state species. A significant
challenge is to correctly assign absorbance bands to the molecules, as multiple species
can contribute to the change in absorbance at a given wavelength. These studies will
enhance the understanding of the charge transfer utilizing nanosheet interlayers, as well
as move towards a planar architecture, which more closely represents the platform

needed for water-splitting as well as other interfaces in multilayer devices.

4.3 Experimental

4.3.1 Nanosheet Exfoliation

Inorganic nanosheets composed of microcrystalline a-zirconium phosphate, a-
Zr(HPO4)2 H,0, (a-ZrP) or titanoniobate (HTiNbOs) were first exfoliated to create
individually suspended sheets prior to deposition as described by Mallouk and co-

workers.>® To prepare the a-ZrP exfoliated nanosheets or colloidal suspensions,
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1.24 x 10™* mol of tetra(n-butylammonium) hydroxide (TBA*OH") was added to 1.66 x
10 mol of a-ZrP in 25 mL of water (HPLC grade) and allowed to stir overnight. This
allowed for the acidic protons on the a-ZrP to be exchanged with TBA", a bulky cation,
and separate layers were suspended in water. The colloid suspension should reach a pH
of 8.4. In order to avoid base hydrolysis of the colloids, this reaction was carried out in
an ice water bath. If needed, the pH of the suspension was adjusted with HCI or TBA-
OH. The HTiNbOs nanosheets were prepared by combining 10 mg (4.5 x 10 mol) of
TiNbOs with 25 mL of water (HPLC grade) and adding 40% TBA"OH" dropwise until
the pH stabilized at 8.4 for one hour. The pH of this solution was adjusted as needed
with HCl and NaOH. Structures of a-ZrP, TiNbOs,*** and TBA-OH are shown in Figure

4.4,

4.3.2 Preparation of Multilayer Films

The films were prepared on borosilicate glass coverslips (VWR) unless otherwise
noted. A schematic of the full multilayer film structure is shown in Figure 4.5. The
coverslips were cleaned first in piranha (7:3, sulfuric acid: 30% hydrogen peroxide) for
10 minutes. The coverslips were rinsed thoroughly with nanopure water and immediately
immersed for at least one hour in a positively charged polymer solution, 10 mM
poly(allylamine hydrochloride) (PAH) (Sigma, MW = 58,000), with the pH adjusted to
8.7 with HCI. The concentration of the PAH solution was determined by the molecular

weight of the repeating polymer unit (93.5 g/mol). The PAH solution was filtered prior
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Figure 4.4 Structure of TBA-OH; a-zirconium phosphate (a-ZrP); and titanoniobate
(TiNbOs) nanosheets (hatched squares represent the MOg octahedra). Reprinted from ref.

144, Used with permission of the American Chemical Society.
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Figure 4.5 Schematic of the multilayer film used to investigate photoinduced charge
transfer from the electron donor, PATSPP, to the electron acceptor, poly(butyl
viologen)(PBV). Positively charge poly(allylamine hydrochloride)(PAH) was adsorbed
to the glass substrate. The porphyrin film was either deposited by itself or co-deposited
with poly(sodium 4-styrenesulfonate)(PSS), followed by PAH. The nanosheets (a-ZrP or
HTiNbOs) were deposited on PAH followed by PBV.
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to deposition. The coverslips coated with PAH were then rinsed and stored in water
(HPLC grade).

Palladium(l1)tetrakis(4-sulfonatophenyl) porphyrin (PdTSPP) (Frontier Scientific)
was dissolved in water (HPLC grade) and carried four negative charges. Negatively
charged poly(sodium 4-styrenesulfonate) (PSS) (Sigma) was dissolved in water and the
pH was adjusted to 8.0 with HCI/NaOH. The concentration of the PSS solution was
calculated using the molecular weight of the monomer unit (206 g/mol). The multilayer
films were deposited by sequential adsorption of the oppositely charged molecules, with
deposition times of 10 minutes unless otherwise noted. The films were rinsed thoroughly
with water (HPLC grade) between deposition steps. PdTSPP was deposited with a
concentration of 5 uM and co-deposited with 500 uM PSS. Co-deposition in this fashion
creates a lower degree of porphyrin aggregation.’®* The films with porphyrin were
deposited on a single side of the glass coverslip by balancing the coverslip on a watch-
glass so that one side was facing up. The porphyrin solution was applied dropwise so
that it spread over the entire face of the coverslip. The coverslip was covered with a glass
water bath container to prevent significant evaporation of the PdTSPP solution in contact
with the coverslip.

Structures of PAH, PATSPP, and PSS are shown in Figure 4.6. A UV-Vis
absorbance spectrum for 10 uM PdTSPP in water is shown in Figure 4.7. The molar
absorptivity of PATSPP in solution at 412 nm is 127,000 M cm™ and at 520 nm is 10,700

M-lcm-l 97
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Figure 4.6 Structure of poly(allylamine hydrochloride) (PAH), poly(sodium 4-
styrenesulfonate (PSS) and palladium(l1)tetrakis(4-sulfonatophenyl) porphyrin (PdTSPP).
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Figure 4.7 UV-Vis absorbance spectrum of 5 uM PdTSPP in water.
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The nanosheets were either deposited out of solution or by using a Langmuir-
Blodgett (LB) Nima model 611D Langmuir trough. The procedure for solution
deposition of both a-ZrP and HTiNbOs was the same. Both a-ZrP and HTiNbOs
suspensions were negatively charged and deposited on a layer of PAH. The suspensions
were heated via a water bath to 35 - 40°C, to ensure close-packed, single layer films.
Below 35°C the nanosheets create multilayers and above 40°C the surface coverage
decreases.’’ The coverslips coated with PAH were immersed in the nanosheet solution
for 15-20 min. Afterward the films were sonicated briefly in water (HPLC grade) with 1
drop of TBA-OH.

The LB films were prepared by filling the trough with water (HPLC grade),
immersing the coverslip into the trough and adding 50 uL of the nanosheet suspension
solution. The solution remained undisturbed in the trough for 1 hour to allow the
nanosheets to spread over the air/water interface. The nanosheets on the surface were
compressed until the surface pressure reached 12 mN/m. The film was deposited by
raising the coverslip out of the trough at 48 mm/min, while maintaining constant surface
pressure.

Poly(viologen) compounds were synthesized by John Swierk at Penn State and
were incorporated into the multilayer films as the electron acceptors. The poly(viologen)
molecular structures are depicted in Figure 4.8. Methyl viologen-functionalized
poly(vinyltoluene) (PVT-MV?*) was first used in the films with a deposition
concentration of 10 mM in ethanol. Prior to deposition onto the negatively charged

nanosheets, the films were immersed in dilute HCI and dried under a stream of N».
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Figure 4.8 Structures of poly(viologen) molecules: methyl viologen-functionalized
poly(vinyltoluene) (PVT-MV?*) and poly(butyl viologen) (PBV). The values of 0.44,
0.17 and 0.39 on PVT-MV?" denote the relative molar ratios of each species in the
polymer. Reprinted from ref. 59. Used with permission from the American Chemical

Society.
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Poly(butyl viologen) (PBV), a water soluble polymer, was the electron acceptor
used in the majority of the films due to the compatibility with the aqueous LbL technique
and for the higher degree of coverage on the nanosheets. The multilayer films composed
of a terminal nanosheet layer were rinsed with water (HPLC grade) and immersed in 10
mM PBV, 1 mM KBr solution for deposition times ranging from 30 min to overnight.

After the films were completely constructed, they were rinsed a final time in
water (HPLC grade), dried under a stream of N, and a transmission UV-Vis spectrum

was obtained immediately prior to conducting transient absorbance experiments.

4.3.3 Atomic Force Microscopy

The quality of the nanosheet surface coverage was determined from height images
obtained with atomic force microscopy (Model Nanoscope, Dimension 3100 SPM,
Digital Instruments, Santa Barbara, CA). Tapping mode was used to collect the images.
The scan dimensions were 10 um x 10 um, 512 samples per line and a scan rate of 0.75

Hz. The samples terminated with the nanosheets were investigated.

4.3.4 Steady State ATR

The custom designed ATR instrument and flowcell are described in detail
elsewhere.” A coverslip or microscope slide was coated with PAH and dried completely
under a stream of N, and positioned in the flowcell. A background spectrum (the blank)
was taken with the flowcell filled with deposition solvent, water (HPLC grade). A

solution of PATSPP was injected into the cell and the adsorption was monitored as a



181

function of time. The cell was then rinsed with water (HPLC grade), after which a

spectrum of the porphyrin film was measured.

4.3.5 Transient Absorbance

The transient experiments of solution samples were conducted inalcmx1cm
pathlength quartz cuvet on the Proteus Instrument (Ultrafast Systems, Inc). The
excitation and monitoring beams were aligned perpendicular to each other and the
variable gain current amplifier was set to a gain of 10*.

The transient ATR experiments were conducted with the commercial ATR
instrument (SIS-5000, System Instruments, Japan) and the Delrin flowcell as detailed in
Chapter 3. The multilayer films were constructed outside of the cell, measured with a
UV-Vis spectrometer and then secured in the Delrin flowcell. BK-7 right angle prisms
(Edmund Optics) were adhered to the coverslip with index matching fluid (Cargille, n, =
1.515). A constant stream of Ar gas blew over the films during the transient ATR
experiments. The films were excited with 532 nm light (~80 pJ, 5-7 ns pulse width) and
monitored at 480 nm to observe the PdTSPP triplet state. The other wavelength
monitored was 600 nm, although this was not ideal because several species absorb at this
wavelength, including the reduced PBV,** the cation radical of PATSPP and triplet state

of the PATSPP.1°
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4.4 Results and Discussion

4.4.1 Transient Absorbance of PATSPP Solution

In this study the molecule used as the electron donor in the multilayer films is
PATSPP. As a control, the excited state lifetimes of PATSPP were measured first in
solution prior to constructing multilayer films. The transient decay curve was obtained of
50 uM PdTSPP in Ar-purged water and is depicted in Figure 4.9. The difference
absorbance was monitored at 480 nm for the triplet state. The decay curve was fit to a 1*
order exponential with a lifetime of 200 pusec and is reported in Table 4.1. This lifetime
is consistent with previously reported triplet state lifetimes of PATSPP in aqueous
solution listed as 200 psec'*® or 350 psec.”” These values are reported from the
phosphorescence emission of the porphyrins in solution, rather than from transient
absorbance. Despite argon purging the sample, some residual O, might still be present

causing a shorter triplet state lifetime of the PATSPP.

4.4.2 Surface Coverage of PATSPP

The surface coverage of the PATSPP was characterized to determine the
absorption profile of PATSPP adsorbed to the positively charged PAH film. Layer by
layer (LbL) assembly was used to construct the films. To determine the surface coverage
of the PATSPP films, steady state ATR spectroscopy was performed. A blank was

obtained with water (HPLC grade) in contact with a glass coverslip coated with one layer
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Figure 4.9 Solution transient curve of 50 uM PdTSPP in argon purged water at 480 nm,
representing the triplet state. The decay curve was fit to a first order exponential with a

lifetime of 200 psec.
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Table 4.1 Transient absorbance lifetimes and weighing factors for PdTSPP solution and

multilayer films.

I Ratio of
I Weighin Onset
Sample A Lifetime fac%orsg amplitude onset
amplitudes
>0 “(lﬁgfgzlgagm 480 nm | 200 psec | 1.0 N/A N/A
4 usec, 0.82,
glass/PAH/PATSPP+PSS | 480 nm 49 psec 018 0.005 N/A
lass/PAH/PATSPP+PSS/ 16.5 usec, 0.78,
g DA 480nm | oo ﬁsec 0.2 0.006 N/A
2 .54
glass/PAH/PATSPP+PSS/ | 480 nm 350”52; %36 0.016
PAH/a-ZrP 5.3
620 nm N/A N/A 0.003
1 psec, 0.91,
glass/PAH/PATSPP+PSS/ | 480 nm | 110 psec, 0.06, 0.005 5
PAH/o-ZrP/PBV 650 usec 0.03
620 nm N/A N/A 0.001
35 usec, 0.35,
glass/PAH/PdTSPP+PSS/ | 480 nm 322 pisec 0.65 0.018 45
PAH/HTINOs 600nm | N/A N/A 0.004
5.8 usec, 0.56,
glass/PAH/PAdTSPP+PSS/ | 480 nm | 75 usec, 0.26, 0.009 3
PAH/HTINbOs/PBV 480 psec 0.18
600 nm N/A N/A 0.003
glass/PAH/PdTSPP+PSS/ 35 0.49
PAH/HTiNbOs (no HCI | 480 nm HSCC, o 0.018 N/A
400 psec 0.51
exposure)
glass/PAH/PdTSPP+PSS/ 5.6 psec, 0.33,
PAH/HTINbOs (HCI 480 nm | 22 psec, 0.36, 0.009 N/A
exposure) 220 usec 0.29
glass/PAH/PATSPP+PSS/ 5.8 psec, 0.56,
PAH/HTINbOs/PBV 480 nm | 75 psec, 0.26, 0.009 N/A
(no HCI exposure) 480 psec 0.18
glass/PAH/PATSPP+PSS/
PAH/HTINbOs/PBV 480 nm N/A N/A 0.002 N/A

(HCl exposure)
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of PAH. 10 uM PdTSPP in water was injected into the flowcell and allowed to adsorb
for 30 min. The cell was rinsed with 10 mL of water and spectra of the film were
obtained for both the TE and TM polarizations. To ensure the film had reached full
coverage, 25 uM PdTSPP in water was next injected into the flowcell and allowed to
adsorb for 30 min. The cell was rinsed a final time with 10 mL of water and the ATR
spectra were measured.

The ATR absorbance spectra of the films and the adsorption isotherm of 10 uM
and 25 uM PdATSPP solutions are shown in Figure 4.10. The film had reached full
coverage with the 10 uM PdTSPP so the 25 uM PdTSPP solution did not add an
appreciable amount of molecules to the film. The peak for the Soret band had reached
the stray light limit, thus the Q-band at 526 nm was monitored for the adsorption
isotherm. The Q-band is slightly red shifted from the solution sample absorbance
maximum of 520 nm. Galoppini and co-workers noted similar red shifts of the porphyrin
Q-band when tethering zinc porphyrins to TiO, nanotubes and attributed these shifts to
aggregation of porphyrin on the surface.”® *** PAH does not absorb in the visible region,
so there was no interfering bands in the ATR spectra.

The calculations for surface coverage assumed a 2-phase system, ignoring the
single layer of PAH (~ 0.5 nm)**! and the values considered were the glass coverslip (n=
1.51, thickness = 150 pm) and the solvent, water (n=1.33). Equations 2.2, 2.3, and 3.2
were used to calculate the surface coverage of the PATSPP thin film. The isotropic molar
absorptivity of PATSPP at 520 nm, 10,700 M™cm™,%" was used to find the surface

coverage. The overall surface coverage was determined to be 170 pmol/cm?®. Pd(l1) 5-(4-
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Figure 4.10 (A) ATR adsorption isotherm of 10 uM PdTSPP and 25 uM on PAH coated
coverslip (B) ATR absorption spectra of PATSPP film on PAH coated coverslip.
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carboxyphenyl)-10,15,20-tris(4-methylphenyl) porphyrin in the edge-on geometry was
determined to occupy a surface area of 90 A%molecule.’®® Using this as an estimate, the
coverage was calculated to be ~0.9 of a monolayer. This surface coverage seems
reasonable as it is unlikely multilayer porphyrin films would form due to the electrostatic
repulsion of the negatively charged PATSPP molecules to one another.

In order to conduct a transient ATR experiment, the absorbance values at the
excitation wavelength of the laser (532 nm) must be sufficient to promote a large fraction
of molecules into the excited state. The absorbance values of the PATSPP film at 532 nm
are 0.46 and 0.4 for TE and TM polarizations, respectively. Therefore, the surface

coverage of PATSPP on PAH is sufficient to conduct transient ATR experiments.

4.4.3 Polyelectrolyte and Porphyrin Films

Before constructing the entire films as shown in Figure 4.5, LbL polyelectrolyte
and porphyrin films were prepared as controls in order to measure the excited state
lifetimes without the nanosheets or poly(viologen) electron acceptor present. The films
were prepared as described and transmission UV-Vis spectra were taken prior to
conducting transient experiments. The UV-Vis spectra are shown in Figure 4.11. The
PAH and PSS did not absorb any visible light so the spectra are due to the PATSPP
absorbance. The first sample was a glass coverslip coated with a layer of PAH, followed
by the co-adsorption of PATSPP and PSS (glass/PAH/PdTSPP+PSS). The second sample
was identical, but included a final layer of PAH, deposited for 10 min

(glass/PAH/PATSPP+PSS/PAH). The sample with the terminal layer of PAH had a
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Figure 4.11 Transmission UV-Vis absorbance spectra of glasss/PAH/PdTSPP + PSS
(dashed line) and glass/PAH/PATSPP + PSS/PAH (solid line).
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decreased absorbance at the Soret band. This may indicate desorption of some PdTSPP
during the PAH deposition procedure.

Transient ATR decay curves were taken of these films. The transient of the
glass/PAH/PATSPP+PSS sample is displayed in Figure 4.12. The difference absorbance
was monitored at 480 nm, where the triplet state absorbs.”” The amplitude of the
transient is 0.005 absorbance units. By examination of the residuals, a first order fit was
not satisfactory for the decay curve. A 2™ order exponential was then used to fit the
decay curve with lifetimes of 4 usec and 49 psec, carrying a weighing factor of 0.82 and
0.18, respectively. The lifetimes are reported in Table 4.1.

The transient ATR of the glass/PAH/PATSPP+PSS/PAH sample is shown in
Figure 4.13. The amplitude of the difference absorbance at 480 nm is 0.006 absorbance
units which is comparable to the first sample. The curve was fit to a 2" order
exponential with lifetimes of 16.5 pusec and 250 psec, with weighing factors of 0.78 and
0.22, respectively. The lifetimes are reported in Table 4.1. Each of these samples has a
two lifetimes, while the solution sample was fit to a first order exponential. The
molecular environment of PATSPP consists of positively and negatively charged
polymers in addition to the sulfonate and amine functional groups. In addition, it is likely
that there are aggregated populations of PATSPP in the film.

It is unclear why the lifetimes of glass/PAH/PdTSPP+PSS/PAH are longer than
the glass/PAH/PdTSPP+PSS sample. It is possible that the additional PAH layer change

the electron density around the porphyrin macrocycle to stabilize the triplet state lifetime.
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Figure 4.12 Transient ATR curve of glass/PAH/PdTSPP + PSS at 480 nm.
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Figure 4.13 Transient ATR curve of glass/PAH/PdTSPP + PSS/PAH at 480 nm showing

the triplet decay.
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The longer lifetime of the glass/PAH/PdTSPP+PSS/PAH sample is still within the range
of the triplet state decay of the PdTSPP reported in literature (200-350 psec).”

Aggregation of PATSPP within the films, which will cause triplet annihilation,
may contribute to the shorter lifetimes of the triplet state.’® ' Although the co-

101,119 it is known that

deposition alleviates some aggregation of the porphyrin,
chromophores associated with amine and other similar functional groups quench the

emission via creation of charge separated states.'”

4.4.4 Characterization of Films with Nanosheet Incorporation

There was clearly a difference in triplet excited state lifetime between the PATSPP
in solution and the PATSPP incorporated into a solid state polymer film. It is not evident
which forces dominate the triplet state decay. Some of forces involved are the
intermolecular interactions of the functional groups of the individual molecules, the
porphyrin forming aggregated species and electrostatic forces. Despite the shorter triplet
state lifetimes as compared to solution samples, they are sufficiently long-lived to
transfer a charge to the poly(viologen). In the studies with the silica colloids, the triplet
state of the PATSPP was shown to decay in ~2 psec, by transferring its electron to
poly(viologen).>® Multilayer films without PBV were constructed and evaluated as
controls to investigate the excited state lifetimes of PATSPP, prior to study of the effects
of the nanosheet incorporation on the charge transfer between PATSPP and PBV.

Nanosheets can be deposited out of solution or via LB deposition. The main goal

with these films is to achieve a closely packed film of these two dimensional spacers to



193

prevent further mixing associated with charged polymer in LbL films. The addition of
nanosheets to the multilayers allows for segregation of electron donor and acceptor
molecules.'** 1%

The most consistent and reproducible coverage of the nanosheets was achieved
with LB. The AFM height images of films terminated with the nanosheets (a-ZrP and
HTiNbOs) are shown in Figure 4.14. The glass coverslip was first coated with a layer of
PAH, followed by co-adsorption of PATSPP and PSS, then another layer of PAH, and
finally the nanosheets. The sheets range from 1-2 um for a-ZrP and 2-5 um for HTiNbOs
laterally with a thickness of 1 nm.>® The estimated surface coverage from these images is
about 80-90%. There is only a small degree of sheets overlapping as seen with the height
image. It is important to have full coverage because direct donor-acceptor contact could
occur in gaps between the sheets. It is also necessary to have single layers of the
nanosheets so the distance the electrons travel between layers does not affect the electron
transfer reaction. The thickness of the nanosheets are 8 A and 10 A, for o-ZrP and
HTiNbOs, respectively.”® Adsorption of multilayers will affect the charge transfer
because it is a function of intermolecular distance. Since electron tunneling distances

range from ~1-3 nm,***

electron transfer across multilayers of nanosheets may not be
possible.

UV-Vis spectra were obtained of the films coated with LB nanosheets and are
shown in Figure 4.15. The nanosheets did not absorb any visible light, so the spectra

again are due to the PATSPP absorbance. The absorbance of the Soret band is lower for

both samples with nanosheets (0.015 a.u.) as compared to the spectrum of the
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Figure 4.14 AFM height images of (A) a-ZrP and (B) HTiNbOs deposited onto
glass/PAH/PATSPP + PSS/PAH films.
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(dashed line) and glass/PAH/PATSPP+PSS/PAH/HTINDOs (solid line). The nanosheets

were deposited via LB.
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glass/PAH/PdTSPP+PSS/PAH in Figure 4.11 (0.02 a.u.). This could be due to slight
desorption of PATSPP in the LB trough prior to nanosheet deposition. Another
possibility is the displacement of the PATSPP at the surface by the nanosheets, since both
are negatively charged.

The transient ATR curve of the glass/PAH/PdTSPP+PSS/PAH/a-ZrP sample is
displayed in Figure 4.16. The difference absorbance was monitored at 480 nm and the
curve was fit to a second order exponential with lifetimes of 28 psec and 350 psec with
weighing factors of 0.54 and 0.46, respectively. The transient decay of the same film
architecture, but with HTiNbOs nanosheets, is shown in Figure 4.17. This curve was also
fit to a second order exponential with lifetimes of 35 psec and 322 psec with weighing
factors of 0.35 and 0.65, respectively. The lifetimes are reported in Table 4.1.

The films with nanosheets have longer lived triplet state lifetimes, with a much
larger contribution of the longest lived component as compared to samples without
nanosheets. The negatively charged nanosheets are interacting with the positively
charged PAH layer, possibly changing the overall net charge of the PdTSPP local
environment. This effect could be stabilizing the triplet excited states. Since the LbL
assembly of the film below the nanosheet has “fuzzy” boundaries,®* it is possible that
PATSPP is in close proximity to the functional groups on the nanosheet. The nanosheet
could also be providing a degree of order to the porphyrin aggregates that could affect the
triplet state lifetime. In studies by Egawa et al., he determined that pH had an effect on
the types of porphyrin aggregates (either H- or J-aggregates) formed in the multilayer

polymer films.**®
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Figure 4.16 Transient ATR curve of glass’/PAH/PATSPP + PSS/PAH/a-ZrP at 480 nm
representing the triplet state. The decay curve was fit to a 2" order exponential with

lifetimes of 28 usec and 350 usec.
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Figure 4.17 Transient ATR curve of glass/PAH/PdTSPP + PSS/PAH/HTINDbOs at 480
nm representing the triplet state. The decay curve was fit to a 2" order exponential with

lifetimes of 35 usec and 322 usec.
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The onset difference absorbance at 480 nm is similar between the samples with
nanosheets (0.016 a.u. for a-ZrP and 0.018 a. u. for HTiNbOs), but both are higher than
the samples without nanosheets (0.006 a.u.). These are reported in Table 4.1. A
possibility is that the triplet molar absorptivity may be different between the samples with
nanosheets and those without. The nanosheets may enhance the quantum efficiency of
intersystem crossing (Qisc) as compared to the films without nanosheets. The Q;sc has
been reported for PdTSPP in solution (1.0),”" but has not been reported for this particular
molecule in a thin film or in the immediate presence of a network of polyanions and
polycations. Extensive studies would have to be performed to test these hypotheses. For
the purpose of this study, the long lived triplet state of the porphyrin is sufficient for
charge transfer to an electron acceptor molecule.*

The results thus far have indicated that when PATSPP is incorporated into a
multilayer film the triplet state lifetime is altered as compared to the solution sample.
Although the relationship between the local chemical environment and the triplet state
lifetimes and yield are not fully understood, the lifetime of the triplet state is sufficiently
long to donate an electron to the poly(viologen) electron acceptor molecule. This was
demonstrated by the quenching of the PATSPP triplet state in ~2 psec due to electron

donation to the poly(viologen) as shown in the studies by Mallouk and co-workers.>®
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4.4.5 Characterization of Polyelectrolyte Films with the Incorporation of Poly(viologen),
an Electron Acceptor

The question this research aimed to address was the role of the nanosheets in an
electron transfer reaction between an electron donor and acceptor. As discussed in detail
previously, a significantly long-lived charge separated state lifetime (0.9 ms) was
observed between an electron donor and acceptor after incorporation of HTiNbOs.>® The
evidence suggested that HTINbOs acted as an ‘active’ spacer in the film, with
semiconducting properties that allowed it to accept electrons from the excited state of the
donor. These experiments were performed on silica colloids, where the morphology
would not reflect a planar geometry that would be used in a water-splitting device.>®

The control experiments demonstrated that there are effects on the PATSPP triplet
state lifetime from the multilayer film as compared to a solution of PATSPP. One of the
most notable effects is the existence of a short-lived component, which may arise from
guenching of the triplet state due to aggregation of PdTSPP within the film. The
nanosheets alone have not significantly quenched the triplet state, which would be
evidence of electron transfer.*

The electron acceptor chosen was PBV due to the positions of the VB and CB as
compared to the HTiINbOs nanosheets and PATSPP. In addition, PBV is water soluble so
it can be easily incorporated into the LbL assembly. The band energy diagram of these
molecules is shown in Figure 4.18. As discussed earlier, the band edge value for

HTINbOs is an estimate based on calculations of a bulk sample at the point of zero
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charge, so the actual band edge of the nanosheets incorporated into a multilayer film is
yet to be experimentally determined.>® **

Poly(viologen) as a neutral molecule is transparent in the visible spectrum, but
absorbs below 300 nm. After reduction, it absorbs around 380 nm and at 600 nm.**® A
UV-Vis absorbance spectrum of a quartz/PAH/PdTSPP/PAH/PSS/PVT-MV?* is shown
in Figure 4.19. The absorbance at 280 nm is due to poly(viologen). PVT-MV?" in this
film was deposited out of ethanol as compared to water soluble PBV used in the rest of
the experiments, but the absorbance is similar.

The transient decay curves for multilayer films are shown in Figure 4.20:
glass/PAH/PdTSPP+PSS/PAH/a-ZrP/PBV and
glass/PAH/PdTSPP+PSS/PAH/HTINbOs/PBV. The difference absorbance was
monitored at 480 nm. The transient curves with one and two component exponentials
were statistically unsatisfactory upon examination of residuals, therefore the curves were
fit with 3" order exponentials. The lifetimes are reported in Table 4.1. The lifetimes for
the glass/PAH/PATSPP+PSS/PAH/a-ZrP/PBV sample were 1 usec, 110 psec and 650
psec with weighing factors of 0.91, 0.06, and 0.03, respectively. The
glass/PAH/PdTSPP+PSS/PAH/HTINbOs/PBV film had lifetimes of 5.8 usec, 75 usec,
and 480 psec with weighing factors of 0.56, 0.26, and 0.18, respectively. Due to the fact
that these triplet decay curves had a much longer-lived third component as compared to
solution samples of PATSPP (200-350 psec)®, it can be inferred that there was another
reaction pathway as a result of the presence of the poly(viologen). The long-lived

component may arise from additional stabilization of the triplet state or a charge-
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Figure 4.20 Transient ATR curves of glass/PAH/PATSPP + PSS/PAH/nanosheets/PBV
at 480 nm representing the triplet state; (blue) a-ZrP and (red) HTiNbOs, Both decay
curves were fit to a 3 order exponential with lifetimes of 1 psec, 100 psec and 650 psec
for a-ZrP and 6 psec, 75 psec and 480 psec for HTINDbOs
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separated state. To our knowledge, the difference absorbance at 480 nm is only due to
the triplet state of PATSPP. An indication of charge transfer is the quenching of the
PJTSPP triplet state. Although there is a long-lived component, the contributions from
the shorter-lived components are much larger, especially in the
glass/PAH/PdTSPP+PSS/PAH/a-ZrP/PBV sample. This data alone cannot verify charge
transfer.

As discussed previously, the reduced PBV absorbs around 600 nm** and
although there is a spectral overlap with the PdTSPP cation radical,**° a difference in
onset amplitudes or decay kinetics might provide evidence of charge transfer. The
glass/PAH/PdTSPP+PSS/PAH/HTINbOs and
glass/PAH/PATSPP+PSS/PAH/HTINbOs/PBV films were monitored at both 480 nm and
600 nm. Figure 4.21 shows the transient ATR decays of
glass/PAH/PdTSPP+PSS/PAH/HTINbOs with and without PBV at both 480 and 600 nm.
There is clearly a difference in the onset amplitudes of the two samples at 480 nm;
without PBV the initial difference absorbance is 0.018 a.u., while with PBV it is 0.009
a.u. These values are also reported in Table 4.1. A possibility for this difference could
be that rapid quenching of the triplet state may be occurring before the time resolution of
the transient ATR instrument (~3 psec). Another value to note is the ratio between the
onset potentials. For the sample without PBV, the ratio is around 4.5, whereas with the
addition of PBV, the ratio is 3. Although this is not concrete evidence of formation of the

reduced poly(viologen) species, there is clearly an effect from the addition of the PBV.
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Figure 4.21 Transient ATR curves of (A) glass/PAH/PdTSPP+PSS/PAH/HTINbDOs; (B)
glass/PAH/PdTSPP+PSS/PAH/HTINbOs/PBV (blue - 480 nm; red - 600 nm).
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The glass/PAH/PATSPP+PSS/PAH/a-ZrP films, with and without PBV, were also
monitored at 600 nm (data not shown). The ratios of the onset amplitudes between the
triplet at 480 nm and the transient at 600 nm were ~5 for both samples. This is shown in
Table 4.1. Although the triplet decay kinetics are altered by the adsorption of PBV, the
nature of the quenching is unclear.

The addition of the electron acceptor, PBV, to the film did affect the triplet state
lifetimes. A third component was introduced in order to fit the data, suggesting another
decay pathway of the triplet state. This component was much longer-lived as compared
to the films without PBV. The nature of this longer-lived species is unclear. It is longer
than all of the films studied as well as PATSPP in solution. The presence of the
nanosheets in combination with PBV could provide higher stability for the triplet state, or
it is possible that a charge separated or charge transfer state is formed that absorbs around
480 nm. Evidence suggesting charge transfer between the PATSPP and PBYV is the
guenching of the triplet state, therefore the existence of the longer-lived species at 480
nm suggests that for at least a fraction of PATSPP, the charge transfer is not occurring.

For the glass/PAH/PATSPP+PSS/PAH/a-ZrP/PBV and
glass/PAH/PdTSPP+PSS/PAH/HTINbOs/PBV samples, the largest contribution came
from the shortest triplet state lifetime. This could be an indication of some charge
transfer occurring since according to Mallouk and co-workers the PATSPP quenching
they observed occurred in ~2 psec.”® Although there is overlap of the reduced PBV
absorbance band at 600 nm with the PATSPP cation radical, the ratios between the onset

amplitudes at 480 nm and 600 nm were compared. The ratio was similar for the a-ZrP
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films with and without adding PBV (~5), while there was a difference in the ratio for the
HTINbOs films with (3) and without PBV (5). This difference could be an indication of

charge transfer to the PBV, but this is clearly not conclusive.

4.4.6 Towards Understanding the Band-edge of the Layered Metal Oxide
Semiconductor, HTiNbOs

As discussed previously, the two types of spacers used in this investigation are
inherently different. a-ZrP is an insulator and HTiNbOs is a semiconductor with its
estimated conduction band edge just between the conduction band of the PATSPP and
poly(viologen), as shown in Figure 4.16. The preceding experiments displayed similar
results after incorporating each type of nanosheet into the multilayer film architectures,
which leads one to question the accuracy of the band diagram. HTiNbOs could be acting
as a passive insulator instead of an active semiconductor.

One of the assumptions when calculating the HTiNbOs conduction band edge
value was the point of zero charge. The effect of pH on semiconducting titanoniobates
has been partially investigated as this is an important factor for incorporation into water-
splitting systems. ** 12213 Kim et al. showed that several layered metal oxide sheets,
including KTiNbOs, showed a positive band edge shift upon proton exchange as well as a
decrease in the band gap of these semiconducting nanoparticles, indicated by the red-shift
in UV absorbance.**

To prepare the exfoliated nanosheets, the cation of the metal oxide (H* for

HTiNbOs) is exchanged with the bulky TBA™ cation in order to separate the nanosheets
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into a colloidal suspension. When the nanosheets are adsorbed to a positive surface, the
TBA" cations are exchanged with the positive charges at the surface. If the nanosheets
are not completely proton-exchanged, where all the metal oxide negative charges are not
balanced by a proton, there is a shift in the value of the conduction band edge. The
reported value used as the conduction band for HTiNbO:s is for a fully proton-exchanged
metal oxide. The conduction band of HTiNbOs of -0.66 V vs SCE, as described in
Figure 4.16, would then sit at a more negative potential if the metal oxide was not
completely proton exchanged; a position that would be less favorable for electron capture
from the triplet state of PATSPP. Fully exchanged metal oxides gave a pH value of 3-4 in
water where the alkali metal forms (KTiNbOs) gave a value of 8-9 in water.*** It is
highly unlikely that the band diagram as drawn in Figure 4.18 accurately represents this
specific experiment, therefore it warrants further study of the pH effect on HTINbOs in
multilayer systems.

The effect of pH on the HTINbOs layer was studied using transient ATR
spectroscopy after exposing the nanosheets to HCI. A sample of
glass/PAH/PATSPP+PSS/PAH/HTINbOs was made and secured into the ATR cell. The
film was exposed to HCI vapor for 2 hours by injecting a low concentration of HCI into
the flowcell.

Transient ATR curves of this sample at 480 nm without and with HCI vapor
treatment are shown in Figure 4.22. The onset difference absorbance for the sample
without HCI vapor treatment is almost 2 times higher than the sample with HCI vapor

treatment. The film without HCI vapor treatment was fit to a 2™ order exponential with
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Figure 4.22 Transient ATR curves of glass/PAH/PATSPP + PSS/PAH/HTINbOs before
(blue) and after exposure to HCI vapor (red). The difference absorbance was measured at

480 nm.
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lifetimes of 35 psec and 400 psec with weighing factors of 0.49 and 0.51, respectively.
The films with HCI vapor treatment were fit to a 3™ order exponential, with lifetimes of
5.6 usec, 22 psec, and 220 psec with weighing factors of 0.33, 0.36, and 0.29,
respectively. The additional component in the HCI treated films indicates another
pathway for triplet decay, possibly as a result of charge injection to the HTiNbOs. This
long component is shorter than the glass/PAH/PATSPP+PSS/PAH/HTINDOs unexposed
samples, where the longest components have been found to be 322 and 400 usec.
Clearly, there is a greater degree of quenching after exposure to HCI. Kaschak et al.
reported the quenching of excited PATSPP by a HTiNbOs layer in the absence of
poly(viologen) since the semiconductor was aligned to accept electrons from the triplet
state of the PATSPP.*® This, again, is not direct evidence of charge transfer, but it starts
to define a more accurate view of the HTINbOs role in the multilayer film.

A second series of films of glass/PAH/PdTSPP+PSS/PAH/HTINbOs/PBV were
made and measured with transient ATR. One film was immersed in 100 mM HCl and
rinsed with water (HPLC grade) prior to deposition of PBV. UV-Vis spectra were taken
before soaking the film in 100 mM HCI and after immersion in 100 mM HCI and
adsorption of PBV for 10 min. The spectra are displayed in Figure 4.23 and there is no
evidence of appreciable desorption of the PATSPP from the film.

Transient ATR decay curves at 480 nm were obtained for the film with and
without HCI treatment and are shown in Figure 4.24. The onset difference absorbance of
the HClI treated sample is 4.5 times lower than the sample that was not immersed in HCI.

This is a significant amount of quenching of the triplet state. The untreated sample was
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Figure 4.23 UV-Vis absorbance spectra of glass/PAH/PATSPP + PSS/PAH/HTINbOs
(blue) and after (red) immersion in 100 mM HCI and deposition of PBV.
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Figure 4.24 Transient ATR of glass/PAH/PdTSPP + PSS/PAH/HTINbOs/PBV before
(blue) and after (red) exposure to 100 mM HCI. The difference absorbance was

measured at 480 nm.
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fit to a 3" order exponential with lifetimes of 5.8 usec, 75 psec, and 480 psec with
weighing factors of 0.56, 0.26, and 0.18, respectively. The HCI treated sample was not
fit, as the signal was too low. Qualitatively, there appears to be a long-lived component
that does not decay back to zero. The difference in the onset amplitudes alone clearly
shows that there is a quenching effect from the exposure to HCI.

In summary, in order to investigate the nature of the HTiINbOs and its effect on
the electron transfer between PATSPP and PBYV, it was hypothesized from the previous
experiments that the band edge diagram was not accurate. By increasing the pH of the
film it was hypothesized that the HTiINbOs would align more favorably to the PATSPP in
order to accept electrons. Of course, the effect of changing the pH may also affect the
other molecules in the multilayer, such as the PAH, PSS, and the PATSPP. In order to
improve our understanding of how semiconducting nanosheets can impact electron
transfer, more studies would have to be performed to investigate the energy level

alignments and the pH effects on the other molecules in the multilayer.

4.4.7 Conclusions

Although direct evidence of charge transfer was not obtained through these
investigations, many important points about multilayer films were considered. The
control experiments demonstrated that PATSPP molecules incorporated into the
multilayer films had different excited state lifetimes as compared to solution.**
Alternative triplet decay pathways were introduced in the solid state thin film

environment as evidenced by the multi-component exponential fits. Although it was



215

altered, the triplet state was sufficiently long lived to transfer a charge to the
poly(viologen).>®

The triplet state lifetime of the glass/PAH/PATSPP + PSS sample was shorter-
lived than the glass/PAH/PATSPP + PSS/PAH sample indicating a stabilization of the
triplet species, hypothesized to be caused by i) a lesser degree of aggregation of the
PATSPP in the film containing the terminal PAH; ii) increased intermolecular interactions
between PATSPP and PAH to aid in the triplet state stabilization; iii) a change in electron
density around PdTSPP, from the additional PAH layer, stabilizing the triplet state.
When the a-ZrP and HTiNbOs nanosheets were incorporated into the multilayer films
(glass/PAH/PATSPP + PSS/PAH/nanosheet), the triplet state lifetimes were further
extended as compared to the glass/PAH/PdTSPP + PSS/PAH sample. Several reasons
for this could be i) an even greater shift of the electron density around PdTSPP to
stabilize the triplet state; ii) interaction of PATSPP with the functional groups of the
nanosheets, since the polymer layers are known to be “fuzzy”; iii) a degree of order
within the film, favoring a longer-lived triplet state lifetime. In addition, the onset
difference absorbance values with the nanosheets were larger than those with simply the
terminal PAH group. The nanosheets may enhance the quantum efficiency of
intersystem crossing, or even be changing the molar absorptivity of the PATSPP triplet
state.

Multilayer films were then constructed with the electron acceptor, PBV, and a
longer-lived component of the PATSPP triplet state was measured. In addition, the ratio

between the onset amplitude of the triplet state and the cation radical for
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glass/PAH/PATSPP + PSS/PAH/HTINDbOs was higher than that for glass/PAH/PdTSPP +
PSS/PAH/HTINbOs/PBV, which may be caused by charge transfer in the presence of
PBV. The longer-lived component measured with the later films contradicts this charge
transfer since the triplet state should be quenched, however this could be explained such
that a fraction of PATSPP triplet state may be unavailable for charge transfer, yet long-
lived.

When the glass/PAH/PdTSPP + PSS/PAH/HTINbOs sample was treated with HCI
to alter the pH of the film, and compared to an untreated sample, a large decrease in the
onset difference absorbance was observed, and an additional component was used to fit
the HCI treated sample. Also, a large degree of triplet quenching was measured when
HCl was used to alter the pH of glass/PAH/PdTSPP + PSS/PAH/HTINbOs/PBV. These
are indications of an additional triplet decay pathway, possibly charge injection into
HTiNbOs, whose band edge may be favorably aligned between PATSPP and PBV. This
is not conclusive evidence since the HCI treatment could also alter other components in
the multilayer film such as the PAH, PSS or PdTSPP.

Accurate values of semiconductor band edge positions are necessary when
designing energy and electron transfer systems. The estimates from measurements on
bulk samples and by calculation do not necessarily translate to multilayer thin films. The
studies herein aimed to improve the understanding of the role nanosheets play in charge
transfer. As with other solid-state molecular systems, the local molecular environment

has an impact on the excited state species, and as a result, the charge transfer efficiency.
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5. CONCLUSIONS AND FUTURE DIRECTIONS

5.1  Summary of Results

This research aimed to improve our fundamental understanding of charge and
energy transfer across interfaces as a function of chemical and electronic properties. It
has been shown that these properties play a role in the kinetics of charge transfer and
ultimately affect efficiencies of organic solar cells such as OPVs and DSSCs.*® 22 %

In order to investigate the photoinduced events in thin films and at interfaces, an
innovative instrument was developed, coupling transient absorbance spectroscopy to
attenuated total reflectance as described in Chapter 2. The photoinduced kinetics of
bacteriorhodopsin thin films were measured. It was determined that a surface coverage
of 1% of a monolayer could be detected with this geometry. The chemical nature of
these films, containing positively charged polymers, did not significantly alter the
Kinetics of the conformational change of the chromophore in the protein.

The interface investigated in Chapter 3 was the molecular thin film/TCO interface
which is relevant for organic devices, specifically organic based solar cells.

Photoinduced excited state lifetimes of molecules in thin films directly affect charge
transfer rates and are highly influenced by their molecular environment. Zinc porphyrins
tethered to ITO were characterized and the excited states were investigated. The inability
to observe excited state difference absorbance at these interfaces led to the study of zinc

porphyrin monolayer and multilayer thin films to understand how the solid-state chemical

environment may impact the lifetimes of the excited states. The control experiments,
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conducted on solutions of ZnPA in the presence and absence charged polymers, led to the
hypothesis that ZnPA in MES buffer (pH 5.5) was weakly aggregated in solution. In the
absence of oxygen, these self-forming aggregates led to rapid triplet decay. The nature
of this aggregation is not fully understood, but recent research by Kadish et al. have
shown a interaction between the phosphoryl group and the zinc(ll) ion (P=0---Zn) in zinc
porphyrins with diethoxyphosphoryl (P(O)(OEt),)moieties.*® The porphyrins are not
identical nor is the solvent system, ZnPA is in MES buffer, pH 5.5, whereas zinc
porphyrin with P(O)(OEt), functional groups were in chloroform. The addition of
positively charged PAH to the negatively charged ZnPA solution was hypothesized to
disrupt this interaction. In the absence of oxygen, a longer-lived triplet state was
observed. The chemical interaction between the amine functional group of the PAH and
the phosphonic acid could also have led to stabilization of the triplet excited state in
solution.

In solid state thin films, zinc porphyrin excited states were not observed with
nanosecond resolution transient absorbance. Although the ground state recovery of a
multilayer film was observed, from the UV-Vis spectrum a large population of porphyrin
appears to be demetallated. Zinc porphyrin was then compared to palladium porphyrin
(where the triplet state is observed in charged multilayer films) and it was hypothesized
that singlet state quenching due to the aggregation is the dominant decay pathway for
zinc porphyrins. The effects of aggregation and the local molecular environment are

overriding factors for the excited state lifetimes of zinc porphyrins. This is relevant for



219

the efficiency of charge transfer at the molecular thin film/TCO interface and imperative
for OPV and DSSC performance.

Excited state kinetics in multilayer films related to water splitting were studied in
Chapter 4. The incorporation of ‘passive’ (a-ZrP) and ‘active’ (HTiNbOs) spacers in the
multilayer films was investigated to understand their role in the electron transfer from a
photoexcited donor molecule (PdTSPP) to an electron acceptor (poly(viologen). The
theoretical band edge diagram for the multilayer films proposed that HTiNbOs acts as an
active spacer, with its conduction band edge positioned to accept an electron from
PdTSPP and donate it to poly(viologen). The experimental evidence suggests that
HTiNDbOs, as deposited, does not align energetically with the PATSPP and poly(viologen).
The position of the band-edge of HTiNbOs is dependent on the degree to which the
negatively charged nanosheets are balanced by protons. The energetic alignment is
assumed when HTiNbOs is fully protonated, but if the nanosheet is insufficiently
protonated, the conduction band-edge would sit at a relatively more negative potential
and injection from the PAdTSPP triplet excited state would be unfavorable. The multilayer
films were exposed to HCI vapor in order to lower the pH, upon which the PATSPP
triplet state was quenched, which would be expected for the representative band-edge
diagram. This was inconclusive evidence of charge transfer, as an absorbance band
assigned only to the reduced poly(viologen) was not observed.

As with the multilayer zinc porphyrin films studied in Chapter 3, the excited state

lifetimes of PATSPP were also affected by the electrostatics in the multilayer film. The
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intersystem crossing efficiency (Qisc) of PATSPP in solution is 1.0. The multilayer films

may have decreased the Qsc as evidenced by quenching of the singlet state.

5.2 Future Directions

5.2.1 Charge Transfer from Palladium Porphyrin to ITO

As described in Chapter 3 the chemical question of interest was the role of
properties such as molecular orientation, binding chemistries and electronic coupling in
charge transfer at the molecular thin film/TCO interface. The model system constructed
with zinc porphyrin films posed problems since the excited state lifetimes were
significantly affected by molecular aggregation.

Palladium (Pd) porphyrin molecules incorporated into multilayer films, as
described in Chapter 4, showed evidence of aggregation but retained relatively long-lived
triplet state lifetimes from ~5 — 500 usec, as detected by the Proteus transient ATR
instrument. The sulfonate terminal groups of the Pd porphyrin molecules were
negatively charged in water (HPLC grade). This allowed them to be readily deposited
onto films of PAH, a positively charge polymer. The sulfonate groups do not bind
strongly to metal oxides, therefore Pd(I)tetrakis(4-carboxyphenyl) porphyrin (PdTCPP)
is proposed for the study of the molecular thin film/ITO interface. PdTCPP is
commercially available from Frontier Scientific, Inc. (CAS: 94288-44-5). Pd porphyrins
have been utilized as sensitive oxygen sensors since they have strong room temperature

phosphorescence with a high quantum yield and long lifetime.*®* Amao et al. studied a
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self-assembled film of PATCPP prepared on an alumina plate. This film exhibited a high
sensitivity to oxygen with little effects from aggregation.*> Pd porphyrins have also
been demonstrated as efficient triplet sensitizers in molecular motors due to their high
quantum efficiency for intersystem crossing (~1.0) and long-lived triplet state
lifetimes.™® The band-edge diagram for the interface between ITO and a similar Pd
porphyrin (Pd(I1)5-(4-carboxyphenyl)-10,15,20-tris(4-methylphenyl) porphyrin) is shown
in Figure 5.1."® The oxidation potential was taken from a cyclic voltammogram of Pd
porphyrin in solution'®® and will likely be different in a thin film. These were converted
from NHE to vacuum by adding 4.44 eV.'*" In order to achieve charge injection there
must be a sufficiently large thermodynamic offset between the Pd porphyrin excited state
and Fermi level of ITO. There is a~0.7 eV difference between the singlet state and ITO,
but only a ~0.25 eV difference for the triplet state. The thin film oxidation potentials
should be determined for PATCPP bound to ITO either with cyclic voltammetry or
spectroelectrochemistry. This will provide a more accurate band-energy diagram at the
PATCPP/ITO interface. Spectroelectrochemical results will also provide the absorbance
spectrum of the PATCPP cation radical. The bands corresponding to the cation radical
can then be monitored with transient absorbance to observe charge injection and
recovery.

One of the difficulties in interpreting the results in Chapter 3 was the lack of
control experiments to understand the effect of Zn porphyrin aggregation on the excited

state species. PATCPP is soluble in aprotic solvents such as dimethylformamide (DMF),
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Figure 5.1 Band diagram of Pd porphyrin-ITO interface. Energy levels were converted

from NHE to vacuum by 4.44 eV.'%
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and upon the addition of water has shown evidence of aggregation by the broadening of
the Soret band and a decrease in the Soret peak intensities as compared to the Q bands.®’
For example, the ratio between the Soret band peak at 416 nm to the Q band peak at 522
nm, decreases by more than a factor of 2 in a 40:60 DMF:water solution.®” When
PATCPP is incorporated into thin films, either adsorbed to positively charged polymers or
bound to ITO, it will likely form aggregates. In order to investigate the effect of
aggregation on the excited state species, control experiments should be conducted in
solutions which exhibit varying degrees of PdTCPP aggregation. UV-Vis absorbance
measurements can verify aggregation by the ratio of the Soret to Q band. Solution
transient absorbance experiments can be conducted with the Proteus and the
EOS/HELIOS transient instruments. In addition to the excited state lifetimes, the onset
difference absorbance should be noted as it corresponds to the efficiency of populating
the excited state. The EOS/HELIOS instrument can be used for these solutions to map
the entire spectrum by monitoring the decay and recovery of the ground state and the
triplet state on shorter timescales. The pathlength of the standard experiment in the
EOS/HELIOS is 2 mm which would require a relatively high concentration of PATCPP.
Higher concentrations might add to the aggregation effects and should be considered
when planning the experiments. The Proteus transient absorbance instrument typically
operates with a pathlength of 1 cm for both the monitoring and excitation beams, but a 1-
2 mm pathlength for the monitoring source while maintaining a 1 cm interaction path for
the excitation beam, has yielded sufficient transient signals. PdTCPP in the ground state

absorbs at 416 nm (Soret) and 522 nm (Q band),” so excitation at 532 nm with the
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Nd:YAG Continuum laser should be adequate for the Proteus transient absorbance
experiments. The samples should be deoxygenated either by purging with Ar or with the
freeze-pump- thaw method, as the triplet state is sensitive to oxygen quenching. The
triplet state of PdTCPP absorbs from 460-480 nm as well as at 720 and 850 nm.%" In
solutions of PATCPP in DMF-water, where aggregation was observed, phosphorescence
was significantly quenched.®” Therefore it is expected that aggregation will alter the
excited state lifetimes. Additionally, control experiments in solution should also be
conducted of PATCPP with PAH and PSS.

Films of PATCPP adsorbed to PAH-coated glass slides should be investigated
with transient absorbance prior to conducting transient absorbance experiments at the
PAdTCPP/ ITO interface. The construction of thin films of porphyrins on PAH is
discussed in detail in Chapter 3 and 4. ATR spectroscopy can be used to determine the
surface coverage and molecular orientation. The guidelines for sensitivity as described in
Chapter 3 can be followed to obtain a high enough surface coverage of PATCPP to
conduct transient experiments in the ATR configuration. These films can also be used to
test a second generation transient ATR instrument with the femtosecond EOS/HELIOS
Ultrafast System.

The optimal surface coverage found for PATCPP thin films on PAH should be
used as a guideline for adsorption of PATCPP on ITO. In addition, the band-energy
diagram derived from thin film cyclic voltammetry or spectroelectrochemistry will
provide insight to the thermodynamics of the interface. If the ITO Fermi level has a

lower energy vs. vacuum as compared to the PATCPP singlet and triplet states, electron
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transfer from the excited states is highly unfavorable. Since ITO is a conductive metal
oxide, it is possible that when ITO is at open circuit charge transfer from the PdTCPP
excited states may occur on timescales too fast to observe with the Proteus instrument.
Constructing an ATR transient configuration with the EOS/HELIOS instrument and
testing with PATCPP films will allow for detection of the short lived excited states as
well as the full transient spectrum, as opposed to just the decay at a single wavelength
with the Proteus instrument. Rapid intersystem crossing from the PATCPP singlet to the
triplet excited state will hopefully stabilize the excited state and aide in the ability to
monitor charge injection into ITO. As with the solution experiments, the thin films of
PdTCPP should be purged with Argon prior to conducting transient experiments, as the
triplet state is sensitive to oxygen quenching. Controlling the potential of the ITO in
these experiments is hypothesized to alter the driving force for charge transfer and
recombination, as has been demonstrated with other porphyrin molecules bound to SnO,
materials.'®® Positioning the energy of ITO at potentials where triplet state electron
injection is favored or hindered may provide insight to the chemical nature of the
interface.

After it has been confirmed that charge transfer is occurring, or that the triplet
state plays a key role in the charge transfer, more geometries of Pd porphyrins can be
investigated to understand the role of orientation or chemistry of the binding groups in

the charge transfer to metal oxides.
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5.2.2 Controlling the Architecture of Molecular Films

Although ATR spectroscopy has the ability to monitor changes in absorbance in
both the TE and TM polarizations, ideally, molecular films with a narrow distribution of
orientations should be created in order to understand the role of orientation in charge
transfer and recombination kinetics. There have been many strategies used to control the
molecular orientation, which as a result, can also influence the molecular aggregation
properties.** *>"1%8 |t is proposed that these approaches should be utilized to study the
molecular thin film/TCO interface to understand the role on charge transfer kinetics.

Galoppini and co-workers studied several zinc porphyrin derivatives tethered
metal oxide films and to TiO, nanorods.*® **9%° Aggregation was evident for the
ZnTCPP bound to the metal oxide surface when the carboxylic acid functional groups
were in the para position on the phenyl ring, denoted at p-ZnTCPP. However, when the
carboxylic acid functional groups were in the meta position (m-ZnTCPP), allowing for a
spider-like attachment to the metal oxide, aggregation was not detected.*® The structures
of the ZnTCPP molecules and their anticipated attachment chemistries are shown in
Figure 5.2. The zinc porphyrins molecules with the geometry for spider-like binding
were investigated tethered to TiO, nanorods and they exhibited a higher photoresponse,
suggesting that the geometry plays a role in efficiency of charge injection.*®

The synthesis of the porphyrin molecules is discussed in detail by Bonar-Law et
al.*®! and Galoppini and co-workers.*® To further investigate the charge injection and
charge recombination rates at the molecular thin film/ITO interface, these spider-like

porphyrins could be synthesized with palladium as the central metal and compared to the
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—— H o ! :
(1c.d,e) p-ZnTCPP (2c,d,e) m-ZnTCPP ! .

Figure 5.2 Molecular structures of p-ZnTCPP and m-ZnTCPP and their anticipated
binding geometries to metal oxides. Reprinted from ref. 160. Used with permission from

the American Chemical Society.
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results obtained from the experiments outlined in 5.2.1. Steady state ATR measurements
in TE and TM polarizations can verify the orientation and surface coverage of the
molecular films on ITO. Spectroelectrochemistry and thin film cyclic voltammetry can
be used to understand the band-edge diagram of the molecular thin film/ITO interface.
The spectrum of the cation radical can be determined with spectroelectrochemistry.
These can then be compared to the p-PdTCPP films described in 5.2.1.

Transient experiments can be conducted in solution and thin films, utilizing the
ATR geometry. This has the potential to enhance our understanding of the role of

orientation in charge transfer at the molecular thin film/TCO interface.
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APPENDIX A: OPERATION OF TRANSIENT ATR INSTRUMENT
A brief description of the transient ATR instrument is provided in Chapter 2 and
illustrated in Figure 2.1. This appendix serves as a reference for the components and the

operation of the instrument.

A.1 Light Sources

The transient absorbance experiment utilizes two light sources, a high energy
pulsed pump beam and a monitoring beam with a continuous output. The pump beam is
a Nd:YAG (Continuum) laser with a wavelength output of 532 nm or 355 nm and a 5-7
ns pulse width at 10 Hz. Another option is to use the Nd:Y AG as the excitation for the
Dye Laser (Continuum), where the wavelengths of emission from a particular dye are
utilized. The diffraction grating within the dye laser is fixed at ~565 nm and must be
reconfigured for manual operation in order access different wavelengths. The monitoring
beam is either a 150 W Xe lamp (Newport) coupled to a monochromator (Newport) or an

Ar-Kr tunable continuous wave laser (CVI Mellos Griot).

A.1.1 Continuum Nd:YAG Laser

The main components of the Nd:YAG laser are the water circulator, power supply
(Figure A.1), laser head including the operation pad (Figure A.2), the optics (Figure A.3)
and flash lamp. The operational directions are listed below:

Starting the laser:



1)

2)

3)

4)

5)
6)
7)

8)
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Make sure all electrical equipment in the area is turned off. Including computers,
monitors, etc.

Plug in and turn on water circulator. It should be set to 14°C. Allow the water to
get to that temperature. This water cools the power supply.

Plug in the Power supply, flip circuit breaker on power supply

Make sure the conductivity light is green. If this is not green it means that the DI
water circulating in the laser head needs to be replaced. Allow for ~10 min for
light to go from red to green.

Flip the red switch on power supply to “on”

Turn the key to “Laser On”

Put on laser goggles and make sure all the curtains are closed

The 532 nm laser line comes out of the middle of the 3 openings of the laser head,
make sure the knob is in the down position so that it is closed. The covering of
the laser head can be off or on at this point. The flash lamp covering must be in

place before firing and warming up the laser
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Figure A.1 Power supply and operation pad for Nd:YAG laser.
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Warming up the Laser: Put on laser goggles

1)

2)

3)

Press Auto/Manual, should display “Flash only — Prgm 17

Press Start: The laser should charge up and begin flashing. Allow 30 minutes for
flash lamp in the laser to arrive at the operating temperature

If testing the alignment continue to that section — otherwise proceed to directions

for conducting a transient experiment

Testing the alignment of the laser:

1)

2)

3)

4)

5)

It is very important to observe the spot quality using the burn paper at the exit of
the flash lamp, after amplification, after leaving the laser head and after the beam
has reflected off of the beam splitter. The beam dump should be in place at this
time after the exit of the laser.

Put a piece of burn paper in a plastic Ziploc bag. Make sure to be wearing the
laser goggles! Open the middle shutter by lifting the middle knob, at this point
the covering on the laser head should be open.

Press Stop on the operation pad

In order to fire a single shot to make a burn: Use program up or program down
button to select “program 2, single shot”; Press the activate button; press the
shutter button to open the shutter (should light up green); press the Q-switch
button to turn on Q-switch (should light up red); press start to load program.
Place burn paper perpendicular to laser path (yellow slots below) and press fire.
The burn spot should be symmetrical and circular: if it is not, double check to

make sure the paper is perpendicular. Test first the output after the flashlamp
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(right side of Figure A.3), both as a forward and back burn. Second, test after the
beam has been amplified (left side of Figure A.3), again with a forward and back
burn.

6) Take a burn after the laser beam has left the laser head

7) Take another burn after the beamsplitter

8) Log these burn spots in the log book.

9) If the burn spot after the amplification is not symmetrical/and the power is not
high, the coupling prism can be rotated by using the 1 left rotation button or 1
right rotation button on the operation pad

Measuring the power of the laser and operating the transient instrument:

1) The continuous pulsing program should be activated

2) If the Q-switch is on, press the Q-switch button to disable. Press the The laser
should still be charging and the flash lamp firing. Use program up or program
down button to select “program 3, f/1”’; press the activate button and start button.
Press the Q-switch button to begin firing.

3) To turn off, press the Q-switch button again. This will keep the laser head and
flash lamp at the proper temperature for uniform laser pulses. If the stop button is
pressed instead, the start button should be pressed soon after to keep the laser
firing

4) The power meter should be placed in the line of the reflection of the beamsplitter.
The infrared portion of the laser beam will probably strip away any coatings and

cause a crackling sound.
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Figure A.2 Nd:YAG laser head optics and beamsplitter.
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Operation of the laser for the Flash photolysis instrument:
1) Turn on the laser and warm up the flash lamp for 30 minutes as instructed
previously. The beam quality should be checked at least once a week.
2) Set the program to “program 3/f/1”

3) Follow the Operation Instructions for the Ultrafast Flash Photolysis Instrument

The optimal operational output of the Nd:YAG at 532 nm is 350 mJ which is
much more than is needed for these experiments. Once the laser pulse exits the laser
head, it encounters a 1% beam splitter (CVI Mellos Griot) which directs the pump at 90°
while the majority of the laser power passes through the beam splitter into a beam dump.
The light is then directed with mirrors through an iris, followed by a slow shutter. The
laser beam then interacts with a glass microscope slide to reflect a small portion of the
beam into a diode to accurately monitor the timing of the pulse. The rest of the light is
transmitted through the slide and passes through the cuvet sample holder.

For use of the instrument in the ATR geometry a flip mirror is engaged after the
microscope slide to reflect the entire beam through a focusing lenses, (f/4) and into the

end of a bifurcated optical fiber.

A.1.2 Continuum Dye Laser
The dye laser has two main components, the optical setup and the pump for
circulating the dye into the laser head. The optical setup is mounted in front of the

Nd:YAG laser. There are two reservoirs, the oscillator and amplifier, for the laser dye
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solution and they require different concentrations. The manual provides the required
concentrations. Rhodamine 590 was used in the experiments as it emits around the 565
nm wavelength corresponding to the fixed diffraction grating. Rhodamine 590 was
dissolved in HPLC grade methanol at 50 ug/L for the oscillator and 100 ug/L for the
amplifier. This dye is changed periodically in order to maintain the correct
concentrations. If the dye is too concentrated flowing through laser optics, there is the

potential to burn and damage the optics.

A.1.3 Xe Lamp
Operation of the Newport Xe lamp
SSS lab - Flash Photolysis Instrument; June 2010; AMS
Lamp — 150W Xe, Ozone Free, #6255
Housing — Single Element Fused Silica Asphere, F/1, Collimated, 50 — 500W, #67005

Power Supply — Universal Arc Lamp, 50 — 200W; #69907

Setup

Turn on the power supply

Press “SETUP” button
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e SET MODE (option of CURRENT or POWER), choose POWER using
the up or down arrows, press “SET/ENTER” to select, press

“DISPLAY/SELECT” to move to next

e SET LIMIT — ranges are 40-300 WATTS or 1.5-12.0 AMPS; for Xe lamp
#6522, the operating range is 120 -165 W. Set the limit to 165 W using
the up and down arrows, press “SET/ENTER” to select, press

“DISPLAY/SELECT” to move to next

e MEMORY - can ignore for now, press “DISPLAY/SELECT” to move to

next

e HRS RESET - only need to change this when Xe lamp is replaced, press

“DISPLAY/SELECT” to move back to SET MODE

e Press “SETUP” to exit

Operation if Setup is complete:

1) Turn on power supply (POWER mode light should be on)
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2) Press and hold the “SET/ENTER” button, until display reads preset watts with
the least significant digit blinking. Change the value with the up, down, right

and left arrows to set to 150 W. Press “SET/ENTER” to save and exit

3) The display should read 0 W

4) Press the “LAMP START” button. The igniter will fire for ~ 5 sec. until the
lamp reaches the pre-set value. Once reached, the “LAMP ON” light will be
on. To scroll through and view current, voltage, watts or lamp operating time,

press “DISPLAY/SELECT”.

5) To change the operating power with the lamp on, press “SET/ENTER” and
use the up, down, right, and left arrows. The change will be immediate

without pressing the “SET/ENTER” button to exit.

6) To shut down the lamp, press the “LAMP OFF” button. Once the output
reaches 0 W, the “LAMP ON” light will turn off. Allow 20 minutes before

turning off the power supply so the lamp can cool.

The lamp is positioned at the entrance of the monochromator. The light passes
through a slow shutter and a fast shutter before reaching the monochromator. The

shutters are not imperative for the experiment, but they do prevent excess light from
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interacting and prematurely degrading the samples. The slit widths of the
monochromator are set at the maximum, 3 mm, and they can be adjusted with the manual
micromanipulator. The wavelength is selected through the Proteus computer program.

After exiting the monochromator the light interacts with a 4x objective telescope
lenses attached to the exit slit. The light passes through a focusing lenses (f/#) and is
focused into the center of the cuvet sample holder. The diverging light and is sent
through a collimating lenses, followed by a focusing lenses to direct it into the end of an
optical fiber. A core optical fiber is used to send the light to the silicon diode detector
when conducting solution transient experiments. The light is coupled into a bifurcated
optical fiber for the ATR geometry.

The end of the bifurcated optical fiber is coupled with an adaptor to a core fiber
and is connected to the SMA connection in the commercial ATR instrument (S1S-5000).
The light passes through a focusing lenses and a polarizer before coupling into the ATR

element.

A.2 ATR Coupling and Operation of SIS-5000

The flowcells for this ATR instrument have been described in detail elsewhere
(Chapter 2 and 3). For the initial testing of the instrument, the light was coupled into the
waveguide via the polished edges of the 200 micron thick coverslip. Other experiments
utilized prism coupling which can allow light to be coupled into microscope slides and

coverslips.
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The SIS-5000 is turned on first by switching on the circuit breaker on the back of
the instrument and then turning on the switch on the front side. The computer program
“SPR4000” is used to operate the translation stage, goniometers and to record the light
intensities via the internal CCD camera. There are 2 lamps associated with the SIS-5000,
a halogen lamp that sits outside of the instrument and a Xe lamp that is inside the body of
the instrument. There are two CCD cameras in the instrument, one that operates from
180 — 750 nm and the other from 350 — 1000 nm. The light path through the instrument
is from the lamp, through an optical fiber connected to an SMA connector that is
mounted on the goniometer arm, through an aperature, focusing lens, and polarizer and
then incident on the prism or polished slide edge. The light then is coupled down the
waveguide, exits through the prism and is coupled into the end of an optical fiber via a
focusing lens.

After the flowcell is mounted on the x-y translational stage the first step is to
move the stage and prism in good alignment with the incident light by adjusting the
translational stage and the angle of the input light goniometer arm. When good coupling
is achieved by eye, then the output light goniometer arm is adjusted and the light intensity
can be observed in real time with the CCD camera. The parameters for light collection

and output are adjustable, typically I use 20 ms acquisition time and boxing of 1.

A.3 Transient Data Acquisition
When there is good alignment through the waveguide as determined by using the

SIS-5000, the optical fibers are changed as indicated above. The wavelength is selected
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on the Proteus software and the shutter is opened. The amount of light reaching the
photodiode of the Proteus instrument can be current amplified with the variable gain
current amplifier. For a transient ATR experiment with the Xe lamp a gain of 1076 —
1079 is needed, depending on the sample and wavelength. The cover on the SIS-5000 is
closed. The shutter is closed by pressing Diode Align. Select the parameters of the
experiment and press Data Acquisition. The signal will acquire on the oscilloscope and
after the experiment is complete it will convert the data to a difference absorbance decay
and transfer it to the computer interface.

Evaluating the data is discussed in Appendix B.2.
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APPENDIX B: OPERATION OF HELIOS AND EOS TRANSIENT

ABSORBANCE INSTRUMENT

B.1 Operation of Eos/Helios

1)
2)

3)

4)

Turn on the Mai-Tai laser and Topas as directed

Turn on the computer and open the EOS program & select VIS

Turn the key fully to the right on the light source (black box on shelf: labeled
Ultrafast Systems). Wait until the yellow laser light stops blinking (if it
doesn’t blink at all, turn the key to off then back on) and press the laser
start/stop button. Allow the laser to warm up for 5 min.

Turn on the timing box (pendulum). It should be set to monitor the interval
between channel A (pump) and channel B (probe). The yellow lights above
both of these channels inputs should be on. If channel B is not on — use a card
to observe the white light coming out of the fiber output on the optical bench.
If no light is coming out make sure the computer is turned on and the program
is opened. Then observe the white light that is split off at the fiber output in
the direction of another SMA /fiber connection. If the white light is not
hitting the fiber properly the yellow light for channel B will not be
illuminated. Also make sure the numbers are changing on the panel, if it is
stuck press the decimal button [-] = HOLD button. Use the x-y-z adjustments

to focus the beam into the fiber.
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6)

7)

8)

9)

10)

11)
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Fill the cuvette with sample, add stir bar and place in sample holder. Turnon
the magnetic stirrer and make sure it is not in the path of the beam.
For the EOS system the interference filters need to be flipped down (not in the
light path) — there are 2 of them located in the probe beam line (one in the
reference beam path and one in the signal beam path)
There is an additional flip mirror that is used in the Helios system that should
also be flipped down — this mirror is located to the right of the small sapphire
white light continuum generator
On the EOS computer program, open the “Monitor Probe” tab. The red trace
is the reference channel, the white trace is the signal channel. Adjust the
neutral density filters in each of the light paths and the x-y-z stage of the SMA
mounts (optical fiber inputs) to obtain the white light profile following the
parameters:

the signal be high without saturating the detector

the shape of the white light to be uniform over the wavelength range

the reference and signal overlap or look similar
Block the probe beam before the beam splitter, blocking both the reference
and signal, and press “Correct Dark Noise”
Exit out of the “Monitor Probe” tab
Have a look at the pump laser beam — after it enters the optical box it goes
through a neutral density filter and then a chopper. Hold up a card to the left

of the chopper to observe the shape of the beam - it should look a normal laser



12)

13)
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beam with the brightest point in the center. If it is brighter on the edges, the
chopper is blocking the light path. Use a tool (twist-tie) to slide the panels of
the chopper so the beam is not blocked.
Follow the pump laser beam and adjust the overlap of the pump and probe
beam using the 2 tip-tilt mirrors in the laser beam path — one just before the
beam passes over the beam-splitter and the other to the right. It might help to
adjust the amount of laser light with the initial neutral density filter (in the far
top right corner of the optical box where the laser beams enter)
The goal of overlapping these beams is to have them converge in the center of
the cuvet as shown in Figure B.2.
Press “Adjust Overlap” and select “continuous” in the top right corner of the
screen to monitor the transient spectrum. There are several reasons why you
might not see a transient.
The delay time that is selected does not give a short enough time scale —
look at the “pendulum” timing box — the actual delay time read off that
screen should be in the 100s of nanoseconds. If it is not — change the
delay time on the computer interface slightly so the number on the timing
box is in the 100s of nanoseconds.
The pump and probe beams might not be properly overlapping — try
adjusting this with the directions from step #12 — again it will help to have

the initial neutral density filter completely open
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Figure B.1 Optical overlap/aligning the pump and probe beam.
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15)

16)

a.
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c.  For longer time scales (using 4 Hz rep rate of the laser, you might not see
a transient spectrum)
d.  The sample does not have a transient

Once a good preliminary transient spectrum is obtained — press the continuous

button and exit the Adjust overlap screen.

Press the set time scale button. Select appropriate values for Time window,

number of points and initial time resolution and press OK.

Press “Start DAQ” and name the file and click ok
The experiment will run for the defaulted amount of time, unless this is
changed. You can always stop the collection of the data at any time.
In the AA spectrum window, you can move the red vertical cursor to the
wavelength of interest and observe a transient curve in the AA kinetic
profile window
In the AA kinetic profile window, you can move the red vertical cursor to
see the different time points reflected in the AA spectrum
The Sample (log)/timepoint window is a histogram of each delay time that
is being collected. The default setting is “Auto”, if you would like to
collect more points at a specific time range, set the delay control to
“Manual” and drag the red cursor to the areas that you would like to
collect more points. Make sure to switch this back to “Auto” if you step

away from data collection.
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17)  When finished with data acquisition, press “Stop DAQ” and fill out the
experimental details
18)  When completely finished with all experiments
a. Close the program
b. Turn the key on the white light source all the way to the left
C. Shut down the computer

d. Place cover back on optical box

Moving to different time scales:

If you need to use a different time scale for the experiment — first change the rep rate of
the Mai-Tai laser, and the EOS program must be turned off and re-opened to adjust to the

new settings

B.2 Surface Xplorer (evaluation of data)

1) Open the Surface Xplorer program — allow it a couple seconds to load. From the
“DynamicSurface (3D)” drop down menu select open new 3D data.

2) Make sure the correct time units are displayed in the top right window, if you
need to change these, select the “Kinetics” drop down menu and select “Time

Units..” select the right time unit using the down button and click ok.
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3) You can drag the vertical and horizontal cursors around these windows as you

could in the EOS program. Choose the wavelength you want to see the transient

for in the top right window.

4) To fit this curve select the “Kinetics” drop down menu and choose “Fit Kinetic”

a.

Choose the number of exponentials and if you would like to use Ainf
and press the button “Fit”

To save this information press the “save” button

Try other number of exps and selecting/deselecting Ainf

Once the data is saved it will be converted to a CSV file that can be
opened in Excel or other computer program. | recommend to save at
least one fit — even if it looks like a improper fit, just to open it in

another program
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APPENDIX C: CHARACTERIZATION OF HEAD-GROUP POLYMERIZABLE

LIPIDS

The evaluation of a new group of polymerizable lipids with the functional

moieties in the head region is described herein.

C.1 Analytical Procedures

Preparation of lipid vesicles: The lipids were stored in chloroform and dried under
flowing Ar, followed by vacuum drying for four hours. The lipids were then resuspended
in nanopure water (obtained from a Barnstaed Nanopure system with measured of 18
MQ-cm or higher) at a concentration of 0.5 mg/mL. The solution was vortexed several
times and ultrasonicated (Branson Sonifier 450) for one minute. The solutions underwent
10 freeze thaw cycles (-78 °C, rt, 65 °C) and then were extruded through Millipore
membrane filters three times each in decreasing succession: 600 nm, 400 nm, and 200

nm.

Polymerization conditions: The lipid vesicles were exposed to redox initiators
(potassium persulfate and sodium bisulfate) for 8 hours under stirring and a steady flow

of Ar.

Characterization of lipid vesicle stability: The distribution of vesicles sizes and stability
to surfactant was determined with Viscotek Dynamic Light Scattering. Triton X-100 was
added to the vesicle solution incrementally and the average sizes of the vesicles were

recorded.
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C.3 Results

It was found that these lipids were unable form stable structure upon application
of polymerization treatment conditions. The interactions between the lipid molecules

were disrupted by the Triton X-100 surfactant.
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