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ABSTRACT
Robin R. Knauf: Spectroscopic Investigations of Electron Transfer Processes at
Semiconductor Interfaces
(Under the direction of Jillian L. Dempsey)

Clean and renewable energy sources are essential to meet the worlds growing energy
demands. Consequently, there has been a large scientific focus on designing inexpensive and
efficient solar energy devices. Dye-sensitized solar cells, which couple light absorbing
molecules to low cost metal oxides, show promise as cost effective alternatives to traditional
silicon solar cells; furthermore, dye-sensitized photoelectrosynthesis cells provide a means
for storing solar energy in the form of chemical bonds. The rates of the electron transfer
process that occur in these devices ultimately dictate their efficiencies. Understanding the
factors that govern these electron transfer processes will guide rational device design. This
dissertation aims to answer the following questions: What are the mechanisms by which
these interfacial electron transfer processes occur, and does the rate or mechanism change
with metal oxide used? Can new emerging materials, specifically semiconductor quantum

dots, be incorporated as efficient chromophores in these devices?

By comparing the electron transfer rates in SnO,-chromophore and TiO,-
chromophore systems, it was determined that the rates of back electron transfer in these
systems are influenced by the identity of localized trap states within the metal oxide, how
these states are populated, and the specific pathways by which back electron transfer can

proceed. Recombination mechanisms were also examined for SnO,/TiO; core shell systems,
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as these architectures have shown increased performance in solar energy devices. It was
determined that electron recombination in these systems occurs via two mechanisms,
tunneling and direct recombination from localized shell trap states. The contribution from

each mechanism is dependent on the TiO, shell thickness.

Semiconductor quantum dots were also investigated as possible chromophores for
solar energy devices. Common methods of incorporating quantum dots into device
architectures require exchanging native ligands for functionalized ligands that couple the
quantum dots to the desired substrate. However the mechanisms of these ligand exchange
processes are not well understood. These ligand exchange reactions were studied using
NMR, absorbance, and photoluminescence spectroscopies. Carboxylic acid exchanges were
found to occur in equilibrium, with a K.,=0.83. Phosphonic acid and thiol ligand exchanges

were found to be irreversible, and alter the inorganic core of the quantum dots.
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CHAPTER 1. Introduction

1.1. Motivation for developing solar energy technologies

Coal, petroleum, and other fossil fuels are currently leading sources of electric power
generation worldwide, which raises economical, environmental, and sustainability
concerns.' > The combustion of these fossil fuels releases carbon dioxide, a greenhouse gas
that plays a role in global warming, and the acidification of ocean water.*” In 2013 alone the
burning of fossil fuels released 5.405 x 10'* kg of carbon dioxide into Earth’s atmosphere.'
Additionally global energy consumption rates are increasing; from 15 TW in 2005 to a
projected 27.6 TW in 2050.> In order to meet these rising global energy demands, and
prevent environmental crises like global warming, adopting renewable, carbon-neutral fuel
sources is required.

The most viable solution to this energy crisis is sunlight, with 89,000 TW of energy
reaching the earth from the sun annualy’. Solar energy devices have made great
improvements in the last decades, with sunlight-electricity efficiencies of 44% being
achieved for multi-junction cells.® Nonetheless, less that 1 percent of the United States’
energy consumption comes from solar technologies.' This is because there are inherent
obstacles of utilizing solar energy that have not yet been overcome. The suns energy is both
diffuse, and intermittent, reducing its extractable energy potential.” In order for large-scale
implementation of solar energy as a renewable energy resource, solar energy technologies
must have maximum efficiencies, inexpensive production from earth abundant materials, and

be coupled to an energy storage mechanism.



One solution to address the issue of energy storage is the production of solar fuels;
using energy from sunlight to produce hydrogen or reduced hydrocarbons from water and
carbon dioxide.>”'" A proof of concept for this practice has been well established by nature,
through the process of photosynthesis, where sunlight and water are converted to oxygen and
sugars. However, in nature complex enzymes have evolved over millions of years to carry
out photosynthesis, and the solar energy conversion efficiency of biomass is only 1%.”'"
In order to mimic natural photosynthesis without the use of the complex enzymes, the
fundamental processes such as light harvesting, charge separation, and water oxidation, must
be isolated and understood.

Because these fuel-forming reactions in both natural and artificial systems proceed via
sequential electron transfer steps, characterizing the dynamics of these electron transfer steps
is an essential step to producing functional and efficient devices. Additionally, analogous
electron transfer processes dictate the efficiency of currently utilized solar-to-electricity
devices such as solar cells. Having a fundamental understanding of the factors that govern
these electron transfer processes will allow for rational device design that will maximize the
efficiencies of both solar cell and solar fuels systems.

1.2. Dye-Sensitized Solar Cells

Currently, the most common solar energy technologies are photovoltaic (PV) devices,
which utilize solar energy to produce electricity. The most commercially familiar solar cells
are those made from crystalline silicon. This is because the efficiency, lifetime, and
production cost of these cells is the most economical compared to other solar cell

technologies.'” However, despite improvement in the efficiencies of these devices, the high



cost to produce crystalline silicon along with the calculated lifetimes of these devices makes
these technologies unable to compete with the energy prices of fossil fuels."'®

As a result, many new areas of research have emerged in an attempt to develop other
cheaper solar energy technologies, including thin-film technologies, organic PVs, as well as
dye-sensitized solar cells. While many of these technologies currently have lower efficiencies
than the traditional crystalline silicon solar cells, their low production costs may be able to
compensate for large-scale use.'”'® Additionally, they have become increasingly more
efficient over the past few decades, and further research to improve the efficiencies of these
devices may finally allow for solar technologies to economically compete with other energy
sources.'’

Dye-sensitized solar cells (DSSCs) are of particular interest because or their low
production costs and light absorption tuneability.®?’ DSSCs are comprised of a
photoelectrode, where a light-absorbing molecule is adsorbed to a mesoporous metal oxide, a
counter electrode, and a liquid electrolyte, which contains a redox mediator. One advantage
of DSSCs is that the light absorption and charge separation processes are separated, which
allows for the independent optimization of each of these processes. Different photosensitizers
can be employed to absorb the maximum amount of solar radiation, while the semiconductor
metal oxide can be altered to optimize the charge separation and extraction.

The most common type of DSSCs are n-type DSSCs, which consist of a photoanode and
a dark cathode. A schematic representation of an n-type DSSC is shown in Figure 1.1. In
these devices, light absorption by the photosensitizer (PS) is followed by excited-state
electron injection into the acceptor states of the semiconductor. Once the electron is residing

in the semiconductor, it can either transport through the material to the transparent



conductive oxide (TCO) back contact, or undergo detrimental back electron transfer (BET).
Ideally the rate of electron transport through the semiconductor should be faster than the rate
of back electron transfer to maximize the efficiency of the device. The electrons that are
successfully transported to the TCO back contact flow to the counter electrode. This flow of
electrons is what produces the electrical current that can be used in from these devices. Once
at the counter electrode, the electrons reduce the electron mediator that is present in the
electrolyte solution. This reduced mediator can diffuse in solution and reduce the oxidized
photosensitizer, completing the circuit for the device. It is worth noting the BET can also
occur between the electron in the conduction band of the semiconductor and the oxidized

form of the redox mediator, creating another pathway for deactivation.
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Figure 1.1 Simplified schematic representation of an n-type DSSC. PS is a generic
photosensitizer.



Traditionally, DSSCs have used ruthenium-based photosensitizers for light absorption,
which raises problems in terms of cost efficiency, stability, and tunability. Ruthenium-based
photosensitizers are expensive, prone to degradation after multiple oxidation/reduction
cycles, and have limited visible absorption tunability. As such, part of DSSC research has
focused on developing robust, inexpensive photosensitizers with absorption profiles that span

the entire solar spectrum. Alternative photosensitizers that have gained popularity include

28-32 22,33-36

organic dyes, such as porphyrins, as well as semiconductor quantum dots.
Quantum dots (QDs) have gained a lot of popularity as photosensitizers in DSSCs because
they are inexpensive, easy to synthesize, and are robust towards oxidation and
reduction.’®”**"** Additionally, they have very high extinction coefficients (up to 10° M'cm™
", size dependent absorption profiles, and the potential to produce multiple electron
equivalents with a single photon, known as multi-exciton generation (MEG).?"*

Quantum dot sensitized solar cells (QDSSCs) operate in a similar fashion to DSSC,
but one of the challenges is finding compatible electrolyte mediators for these systems.
Mediators that show high performance in DSSCs, such as I/I3°, cannot be used with
semiconductor quantum dots because of their corrosive nature. Therefore, sulfide/polysulfide
electrolytes are generally used in conjunction with Cu,S-based counter electrodes.”>™*
Another difference challenge for QDSSCs is incorporating QD sensitizers with strong
coupling to the metal oxide for efficient electron injection. In DSSCs that use molecular
photosensitizers, the photosensitizer is usually modified to contain a surface anchoring group

10,28,31,45-48

that can covalently bind to the metal oxide surface. This allows for monolayer

coverage of the photosensitizer on the mesoporous metal oxide film. However using QDs as



a photosensitizer poses a unique challenge, as functionalizing these nanocrystals can be
challenging.

In order to sensitize metal oxide films with QDs, physisorption of QDs onto TiO,
film is commonly employed, but native ligands act as insulating barriers for charge transfer,
impacting efficiencies of devices.””* Another route that has been pursued for incorporating
QD sensitizers into QDSSCs is direct growth of QDs onto the TiO, substrates through
successive ionic layer adsorption and reaction (SILAR).*** While this SILAR method
exhibits higher loading of the QD layer than direct adsorption of presynthesized QDS, the
chemical identity of these nanostructures is not well understood. Additionally the increased
coupling in these systems leads to faster recombination rates, requiring blocking layers to be
introduced to increase efficiencies.”

Other efforts have been made to incorporation QD synthesized via tradiation solution-
based syntheses. As synthesized, these colloidal QDs are composed of an inorganic
nanocrystalline core, and an aliphatic organic ligand shell which stabilizes the QDs in
organic solvents. In order to incorporate colloidal QDs into many of their applications,
including DSSCs, this ligand framework must be modified. Thus, procedures have been
developed to exchange these for other coordinating ligands that may vary in the surface

anchoring group and ligand identity. ***>~%7°

For example, bifunctional ligands containing
thiol and carboxylic acid functionalities are commonly used to anchor QDs to metal oxide
surfaces.”' ™"’ First the metal oxide is exposed to the bifunctional ligand and the carboxylic
acid moiety preferentially binds to the metal oxide surface. Then, QDs are introduced and the

thiol moiety replaces native QD ligands, anchoring the QDs to the metal oxide. Alky chains

are most commonly used, but phenyl bridges have also been examined to help mediate



charge transfer between the QD and metal oxide.”” In another study a dye molecule,
squaraine, acted as both a linker molecule and an electron relay. The dye was modified with
carboxylic and thiol moieties and metal oxide-QD linkage was performed as described
above. In this system the QD absorbs light and undergoes energy transfer with the dye, which
then injects an electron into the TiO,."

Although these ligand exchange processes are commonly employed, the mechanisms
and principles that govern these reactions are not explicitly understood.” Furthermore, the
extent of these ligand exchange reactions must be controlled if a selective functionalization
of the nanocrystal is desired. Chapter 2 of this dissertation will examine these ligand
exchange reactions in detail, and explore the factors than govern these processes.

1.3. Dye-Sensitized Photoelectrosynthesis Cells
As mentioned above, one of the major shortcomings of current solar energy technologies
is the lack of energy storage capability. As such, research efforts in the production of solar

2,9,10
fuels has emerged.””

Dye-sensitized photoelectrosythesis cells (DSPECs) have been
proposed as one approach for solar fuel production, which builds off the successful design of
the DSSC.'"*™ First a light-harvesting molecule is anchored to a low cost metal oxide,
then, upon light absorption, the molecule is able to transfer an electron to the semiconductor
metal oxide. In a DSSC these electrons flow to a counter electrode, providing a current that

can be used to drive a load, however the goal of a DSPEC is to harvest this energy and store

it in the form of chemical bonds. A schematic for a DSPEC is shown in Figure 1.2.
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Figure 1.2. Schematic of a DSPEC for water oxidation and CO, reduction. (Figure credit
John M. Papanikolas and James F. Cahoon)

In a tandem DSPEC, as shown above, both electrodes function as photoelectrodes. On the
photoanode side of the device, a photosensitizer absorbs light and injects an electron into the
conduction band of an n-type semiconductor metal oxide. On the photocathode side, a
separate photosensitizer absorbs light and injects an electron vacancy, or hole, into the
valence band of a p-type metal oxide. The electrons and holes that remain after these light
absorption and injection process occur are transferred to molecular catalysts to do two
complementary processes, water oxidation (oxygen generation) and carbon dioxide or proton
reduction. At the photoanode, 4 hole equivalents are used by a catalyst to oxidize water into
protons (H") and oxygen (O,). At the photocathode, the electron equivalents are used by a

different catalyst to either reduce CO, to reduced carbon containing products or to reduce



protons to hydrogen gas. Although this device architecture is proposed often in the literature,
there have been limited reports of successful DSPECS, where devices suffer from low
efficiencies, limited stabilities, and require a bias, or a small energy input to function.®***°

There are many challenges associated with producing a functional and efficient DSPEC.
To enable water splitting, four oxidizing equivalents must be transferred from the
photosensitizer to the water oxidation catalyst. These four equivalents need to be driven by
four sequential single-photon excitations and injection processes. This is often limited as
electrons in the metal oxide can recombine with the oxidized chromophore or the oxidized
catalyst without going through the catalytic cycle, wasting the photon that generated the
charge separated state. This back electron transfer process regenerates the original (and
inactive) state of the assembly. Similar detrimental recombination events occur on the
photocathode side of the device as well. Understanding the mechanisms by which photon-
wasting charge recombination occurs will help in optimizing materials and conditions for
efficient DSPECs.

Some research in the DSPEC field involves indiscriminately altering device parameters
in hopes to maximize efficiency. However, fundamental studies to characterize the electron
transfer processes that occur in these devices are necessary to guide rational device design.
Chapters 3, 4, and 5 of this dissertation focus on studying the mechanisms of interfacial
charge recombination processes that occur in these solar energy devices.

1.4. Charge Recombination Mechanisms in Semiconductor-Chromophore Systems

There have been extensive research efforts in characterizing and understanding charge
recombination dynamics at semiconductor-chromophore interfaces. TiO; is one of the most

commonly studied semiconductors due to its low production costs, and its semitransparent



properties as a thin film. Ruthenium polypyridyl complexes are also commonly studied
chromophores due to their strong absorption in the visible region of light, in addition to their
potent excited-state reduction potentials which provide a free energy gradient between their
excited states and the conduction band of TiO,, promoting efficient charge injection.*"***"!

If electron transfer in these systems follows Marcus theory for electron transfer, the rate
will be dictated by various parameters including the driving force (-AG®), reorganization
energy (A), and the electronic coupling of the donor and acceptor (Hag). The impact each of
these parameters has on the rate of electron transfer is depicted in the Marcus equation
(Equation 1.1).”?

The driving force is the difference in energy between the excited state oxidation potential
of the chromophore and the acceptor states of the metal oxide. This can be altered by
changing the chemical composition of the system (changing the chromophore or metal oxide
used), but also by altering the environment. For example, changing the pH of the surrounding
environment causes the acceptor states of metal oxides to more positive potentials with
decreasing pH.”? By changing chemical composition and environment in a systematic manner
we can characterize interfacial electron transfer within the framework of Marcus theory or
determine if other factors govern this electron transfer process.

There have been conflicting results for studies conducted examining the effects of driving
force on the rate of back electron transfer in ruthenium-metal oxide assemblies. G. J. Meyer

and coworkers have shown back electron transfer to be independent of driving force.”*”> A
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variety of rhenium, osmium, and ruthenium complexes were attached to TiO, and the same
rate for back electron was observed fitting the data to a sum of second order kinetic
processes, despite a 960 mV difference in the driving forces. Additionally the rate of back
electron transfer is also unaffected by the identity of the metal (rhenium, ruthenium, or
osmium) and the number of carboxylic acid groups. This is further supported by a study from
Durrant and coworkers where similar recombination rates from TiO, we observed for both
porphyrin and ruthenium based sensitizers.”” This suggests that the observed recombination
is rate limited by the electron trapping and detrapping processes that occur in the TiO,. This
trapping/detrapping mechanism for BET is consistent with additional studies that show that
recombination in these systems is very sensitive to applied potentials to the TiO,
electrode.®"?1%

On the contrary, others have shown back electron transfer in these systems is consistent
with Marcus inverted behavior, that is, slower BET rates are observed when the driving force
is increased.””'”! Lewis et al. have reported Marcus inverted region back electron transfer for
a series of ruthenium and osmium dyes linked to the surface of TiO,. They have shown that
as the driving force increases 660 mV, the rate of back electron transfer decreases by a factor
of 300.”7 Hupp and coworkers have also reported Marcus inverted regime behavior for
ruthenium tris(polypyridine) complexes electrostatically bound to the surface of colloidal
Sn0O; in aqueous solutions.'!

Another study has shown that these recombination kinetics are invariant of driving force,

but do depend on separation between the metal oxide and the chromophore.'”

Here they
state that the recombination from TiO, to ruthenium chromophores lies in an intermediate

regime between electron transport-limited and interfacial electron transfer limited. An

11



elegant study by Brigham and Meyer expands on this and shows that when the number of
electrons residing in the TiO, is small (under positive bias), diffusion/trap limited
recombination ensues. However, when the density of electrons in the TiO; is large (under
negative bas), interfacial electron transfer is rate limiting.'”

These apparent inconsistencies in the literature may be due to differences in kinetic
modeling methods as well as the inherent heterogeneity of metal oxide semiconductors.
Meyer noted in his studies that recombination kinetics were more sensitive to the materials
processing conditions and sample history than to the identity of the sensitizer.”* Additionally,
Lewis stated that differences in the kinetics of sensitized semiconductor systems may, in part,
result from the different modes of coupling to the metal oxide that arise from the variety of
sensitizers used, as well as from differences in the trap density and surface properties of the
TiO, that is used for various studies.”’

In an aim to rectify these discrepancies and understand these BET dynamics in
aqueous conditions, Chapter 3 of this dissertation will discuss studies that were conducted
comparing electron recombination dynamics for metal oxide-chromophore systems using
both TiO, and SnO,. The difference in acceptor state potentials for these two semiconductors
allows the influence of driving force on back electron transfer to be examined. In addition,
varying other Marcus parameters, such as electronic coupling, allows the principles that
govern charge recombination in these systems to be tested. Here, back electron transfer rates
for both of the semiconductor-chromophore systems used are correlated with the distribution,
identity, and occupation of localized trap states within the nanocrystalline metal oxide films.
Recombination is influenced by the identity of metal oxide localized trap states populated

and the specific pathways by which BET can proceed.
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1.5. SnO; as a Photoanode Alternative to TiO,

In the context of a DSPEC, SnO; is of interest as an alternative photoanode material to
TiO,. This is because the charge carrier mobility of SnO; is 2-3 orders of magnitude greater
than TiO,, allowing for faster charge extraction upon excited-state injection into the
semiconductor.'**'% Additionally, the conduction band potential of SnO, is 0.4 V positive of
Ti05,*''% making SnO, compatible with chromophores that are weaker excited state
reductants and, in turn, stronger ground state oxidants capable of driving water oxidation

28,29 . .
" However there have been numerous studies of the electron transfer dynamics of

catalysis.
chromophore-catalyst systems on TiO,, but very few on Sn0,.'”''* Chaper 4 of this
dissertation examines the interfacial electron transfer processes of porphyrin chromophores
synthetically designed with an excited state oxidation potential capable of injecting an
electron into SnO», but not TiO,. The electron transfer dynamics of a chromophore-catalyst
assembly synthesized via a layer-by-layer technique are also examined.

Although SnO, is a desirable photoanode material for DSPEC devices, there are some
drawbacks to using SnO,. The main drawback, as highlighted in Chapter 3 is the faster
charge recombination observed for SnO, than TiO,. There has been a lot of research done

25,30,31,47,48,115-126 ies i
30,31,47,48, One of these strategies is

developing different strategies to slow down BET.
the use of a core/shell photoelectrode.®!**!2%120127 Core/shell structures, where the
conduction band potential of the shell is more negative than that of the core, allow for
energetically favorable electron injection into the core material, while providing a significant
barrier for BET from core-localized electrons. Utilizing a SnO,/TiO, core shell material as a

photoanode would allow the higher carrier mobility of SnO, to be exploited, while slowing

the rate of detrimental back electron transfer. As such, when these core/shell architectures
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have been incorporated into devices increased efficiencies are observed.*”'**'** Although
increased device performance is observed, the mechanism by which this recombination
occurs remains unclear. Without an understanding of how recombination occurs in these
systems, optimal device parameters for variables such as shell thickness, barrier height, and
annealing conditions remain unknown. Chapter 5 of this dissertation examines the
recombination dynamics for sensitized SnO,/TiO, photoanodes. This study examines the
effects of shell thickness and annealing on the rate of recombination in these systems. Two
competing mechanisms of back electron transfer are identified in these systems; tunneling of
core-localized electrons, and direct recombination with shell-localized electrons. The

contributions of each of these mechanisms is determined for various TiO; shell thicknesses.
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CHAPTER 2. Quantifying Ligand Exchange Reactions at CdSe Nanocrystal Surfaces
2.1. Introduction

Research in the field of semiconductor quantum dots has exploded since the
discovery of their quantum size effects in 1983.*' Their size tuneable optical properties have
been exploited for applications ranging from photovoltaic cells to solid-state lighting.>'** As
synthesized, colloidal QDs are composed of an inorganic semiconductor core and an organic
ligand shell. These ligands, generally long chain fatty acids, aid in the growth and
stabilization of the QDs, solubilize the QDs in organic solvents, and passivate
undercoordinated surface atoms of the QD. However, these native ligands are not ideal for
many QD applications, and can be exchanged for other coordinating ligands which may vary
in the surface anchoring group, chain length, and chain identity. Ligand exchanges are
commonly performed to incorporate functional groups that alter QD solubility, introduce

electron transfer partners, or integrate biological receptors.>**>7°

The extent of these ligand
exchange reactions must be controlled if a limited number of functionalized ligands per
nanocrystal is desired.

Although ligand exchange reactions are commonly employed, the mechanisms and
principles that govern these processes are not explicitly understood.” Many studies have
been conducted monitoring the surface chemistry of quantum dots using photoluminescence
spectroscopy, 'H nuclear magnetic resonance (NMR) spectroscopy, as well as diffusion-

ordered NMR spectroscopy (DOSY), nuclear Overhauser effect spectroscopy (NOESY), and

P NMR  spectroscopy.”***’*12*71% Among the studies focused on oleate-capped metal
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chalcogenide nanocrystals, Hens and coworkers have employed these NMR methods to
examine the details of various ligand exchange reactions. Through these experiments, they
determined that phosphonic acids displace oleic acid (OA) with a 1:1 stoichiometry,"* and
that the self-exchange of oleic acid/oleate at the surface of CdSe QDs involves a proton
exchange."”* In a related approach, Cammidge and Bochmann used '"H NMR to qualitatively
study the relative binding strengths of ligands containing carboxylic acid, phosphonic acid,
and thiol surface anchoring groups.”’ Additionally, Owen and coworkers have demonstrated
the use of '"H NMR to quantify the amount of Z-type M(O,CR), displacement from metal
chalcogenide nanocrystals upon addition of L-type exchange ligands."*°

However, many of these studies are qualitative in nature, and the quantitative studies
generally rely on the "H NMR signature of OA, which sheds light only on the behavior of the
native ligands and leaves the behavior of the incoming exchange ligands open to
interpretation. Without a handle to monitor the state of the ‘exchange ligand,’ there is no way
to quantify the ratio in which these ligands exchange, determine whether they first occupy
open surface sites before exchanging, and distinguish between a surface equilibrium versus
an irreversible displacement. Additionally, the use of NMR techniques alone does not
distinguish between exchange reactions that occur between ligands versus those that involve
labile Z-type surface ligands containing metal atoms. In order to exploit these ligand
exchange reactions for controlled nanocrystal (NC) functionalization, a more thorough
understanding of the NC surface chemistry is required.

In response, we have employed carboxylic acid, phosphonic acid, and thiol-
terminated ligands containing a terminal alkene group in order to quantitatively monitor

ligand exchange reactions at CdSe quantum dot surfaces via '"H NMR (Figure 2.1). The
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vinylic protons of these ligands and the alkenyl protons of the native oleic acid ligands
provide distinct NMR handles for the free and surface-bound populations of both ligands in
solution. Quantification of these unique 'H NMR resonances provides new and valuable
information about the exchange mechanism and reversibility of common ligand exchange
reactions. Further, complementary absorbance and photoluminescence experiments indicate
whether surface metal atoms are disrupted in the exchange reaction.

\/\/\/\/\)J\OH

undec-10-enoic acid
(UDA)

\/\/\/\/\/\”O

P<
Ho ©OH

undec-10-en-1-ylphosphonic acid
(UDPA)

WSH
undec-10-ene-1-thiol
(UDT)

\/\/\/\/:\/\/\/\)J\OH
oleic acid

(OA)

Figure 2.1: Names and structures of the ligands used in this study.
2.2. Experimental

2.2.1. General Considerations.

Standard glovebox and vacuum line techniques were utilized to maintain an inert
atmosphere during synthesis of compounds and NCs, unless otherwise noted. 'H and °'P
NMR spectra were recorded using 400, 500, or 600 MHz Bruker NMR spectrometers.'*
NMR spectra are reported at 25 °C unless otherwise stated. Chloroform-d and toluene-ds

were purchased from Cambridge Isotopes Laboratories and were used without further
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purification. All other reagents were commercially available and used without further

purification.

2.2.2. Absorbance Measurements
Absorbance measurements were recorded using a Cary 60 UV-vis absorbance

spectrophotometer.

2.2.3. Steady-State Emission.

Photoluminescence spectra were acquired with a PTI QuantaMaster 4SE-NIR
emission spectrometer equipped with a housed, 75 W Xenon light source and Hamamatsu
R928P PMT biased at 1100 V (1 nm step size, 2 nm bandwidth). Samples were excited at
425 nm, with a 430 nm long-pass optical filter placed before the detector. Emission

intensities at each wavelength were corrected for system spectral response.

2.2.4. Time Resolved Emission.

Time-resolved emission dynamics were monitored with an Edinburgh FLS920
spectrometer, using the time-correlated single-photon counting capability (1024 channels; 1
ns per channel) with each data set collecting a set number of counts. Excitation was provided
by an Edinburgh EPL-445 picosecond pulsed diode laser (444.2 nm, 80 ps FWHM) operated

at 50 MHz.

2.2.5. CdSe QD Synthesis.

CdSe quantum dots were synthesized and purified following the procedure of
Chambrier et al."*’ In a 50 mL 3-neck round bottom flask, 300 mg (2.33 mmol) CdO (Sigma
Aldrich, >99.99%) was added to 2.0 mL (6.3 mmol) of oleic acid (Fisher Scientific, 90%)

and 20 mL of octadecene (Sigma Aldrich, 90%). The mixture was degassed by placing the
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flask under vacuum for 20 minutes. The reaction flask was then placed under N, and heated
to 280 °C with a heating mantle until the solution became clear, indicating the in situ
formation of Cd(oleate),. The solution was cooled to 120 °C, and 100 mg (1.27 mmol) of Se
powder (Sigma Aldrich, 100 mesh, 99.5%) was added under a N, stream. The solution was
stirred vigorously while the temperature was raised to 240 °C. The reaction solution changed
from colorless to yellow to orange, indicating QD nucleation and growth. The flask was
removed from the heating mantle after approximately 2 minutes, then 40 mL of toluene was
added to the reaction flask to quench nanocrystal growth. The reaction solution was separated
into 8 test tubes, and 5 mL of acetone was added to every 7.5 mL of reaction solution. This
ratio of toluene to acetone was found to solubilize the QDs but promote the precipitation of
excess Cd(oleate),. After sitting for 5 minutes, the test tubes were centrifuged to produce a
white pellet and an orange supernatant. This step was found to be crucial in obtaining QDs
with '"H NMR spectra free from excess oleic acid/Cd(oleate),. The orange supernatant
containing the QDs was decanted from the white Cd(oleate), pellet. The supernatant was
again distributed among test tubes, and methanol was added to achieve a 1:1 ratio of
methanol to QD supernatant. Upon centrifugation the solution separated into a thick orange
oil and a clear supernatant. The supernatant was discarded, and toluene was added to each
test tube to redisperse the oil, then methanol was added to precipitate the QDs (1:1
toluene:methanol). After centrifugation, the supernatant was discarded, and the QDs were
redispersed in DCM (7mL), and flocculated with ethanol (7mL). This DCM/ethanol
purification step was repeated 5 times and a pellet was formed upon centrifugation. Lastly,
acetone (~7mL) was added to the QD pellet and the tube sonicated until the pellet was

dispersed. The solution was centrifuged, and the acetone decanted. This process was repeated
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5 times to obtain a fine powder. This step has shown to be crucial to remove excess

1** The final sample

octadecene from the QDs, and provide a pristine NMR-quality sample.
was dried to yield a fine powder, and was stored as a solid. The 'H NMR spectrum in
toluene-ds is shown in Figure 2.2. The absorbance and photoluminescence spectra of the QDs
in toluene are shown in Figure 2.3. The size of the quantum dots was determined from the

wavelength of the E;s absorption maximum as outlined by Jasieniak and coworkers.'*® The

QDs used throughout this study ranged from 2.8 to 2.9 nm.

*Ferrocene

LU J\UL‘/

3.5 3.0 2.5 2.0 1.5 1.0 0.5

75 70 65 60 55 50 45 e

ppm
Figure 2.2: 600 MHz 'H NMR spectrum of CdSe QDs in toluene-ds. Peaks at 7.09, 7.01,
6.97, and 2.08 ppm correspond to residual toluene solvent signals. The singlet peak at 3.98
ppm corresponds to the ferrocene standard. The singlet at 1.56 ppm is due to residual water

in the NMR solvent.
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Figure 2.3: Absorbance and photoluminescence spectra of CdSe QDs in toluene after
purification. Emission spectrum collected at 425 nm excitation.

2.2.6. Synthesis of undec-10-en-1-ylphosphonic acid.

Synthesis of undec-10-en-1-ylphosphonic acid was carried out via literature
procedures.'*'** In a 25 mL Schlenk flask, 2 mL (9.12 mmol) 11-bromo-1-undecene and 2
mL (11.7 mmol) triethyl phosphite were heated to reflux, neat, at 150° for 36 hours under
atmosphere. The reaction was cooled and excess triethyl phosphite was removed under
vacuum. Under a N, atmosphere, 10 mL of dichloromethane was added to the product,
followed by dropwise addition of 3.47 mL (26.3 mmol) bromotrimethylsilane. The reaction
was stirred overnight, after which the solvent and excess bromotrimethylsilane were removed
under vacuum. 10 mL of water and 10 mL of acetone were added and the reaction was stirred
for 1 hour. The solvent was removed and the product was recrystallized from hot pentane

five times. 1.108 g of the pure product was obtained (52% yield). 'H NMR (600 MHz,
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CDCl3) 8 (ppm): 7.63 (2H, br s) 5.81 (1H, ddt, J=16.9 Hz, 10.2 Hz, 6.7 Hz), 4.99 (1H, dq,
J=16.9 Hz, 1.8 Hz), 4.93 (1H, ddt, J=10.2 Hz, 2.3 Hz, 1.3 Hz), 2.04 (2H, ddt, J=14.8 Hz, 6.87
Hz, 1.4 Hz), 1.74 (2H, m), 1.60 (2H, m), 1.37 (2H, m), 1.27 (8H, m). *'P NMR (600 MHz,

CDCl3) & (ppm): 37.61.

2.2.7. Synthesis of S-(undec-10-en-1-yl) ethanethioate.

Undec-10-ene-1-thiol was synthesized via literature procedures.'*"'" 1.71 g (15
mmol) potassium thioacetate was added to 15 mL of 95% ethanol in a pear flask, sonicated
until fine, and then sparged with N, for 20 minutes. This solution was then added to a
previously sparged solution of 3.5 mL (16 mmol) 11-bromo-1-undecene in 15 mL ethanol
(95%) in a Schlenk flask. The resulting solution was heated to reflux under N, for 19 hours.
The solution turned brown over time and white precipitate slowly formed (KBr). The
reaction mixture was diluted with 50 mL water and extracted with 3x50 mL pentane. The
organic fractions were combined and concentrated via rotary evaporation. The resulting
crude product was purified via column chromatography over silica gel using a gradient
pentane to 4:1 pentane:diethyl ether eluent to give S-(undec-10-en-1-yl) ethanethioate. Yield
2.5 mL (83%). '"H NMR (400 MHz, CDCl3) § (ppm): 5.81 (1H, ddt, J=17.0 Hz, 10.1 Hz, 6.7
Hz), 4.99 (1H, dq, J=17.2 Hz, 1.8 Hz), 4.92 (1H, ddt, J=10.1 Hz, 2.3 Hz, 1.2 Hz), 2.86 (2H, t,
J=7.3 Hz), 2.32 (3H, s), 2.03 (2H, ddt, J=14.8 Hz, 6.87 Hz, 1.4 Hz), 1.55 (2H, qn J=7.8 Hz),

1.35 (4H, m), 1.27 (8H, m).

2.2.8. Synthesis of undec-10-ene-1-thiol.
A Schlenk flask containing 10 mL dry diethyl ether and 400 mg (10.5 mmol) LiAIH4
was placed under N, and cooled to 0° C. 1.37 g (6.0 mmol) S-(undec-10-en-1-yl)

ethanethioate was added dropwise with stirring. The solution was warmed to room
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temperature and stirred for 45 minutes. The reaction was quenched with slow addition of 6
mL 1.0 M HCIL The reaction mixture was filtered through a glass frit and washed with
diethyl ether. The organic layer was separated, dried with Na;SO4, and had solvent removed
via rotary evaporation. Evaporation yielded the neat undec-10-ene-1-thiol (1.08 g, 97%)
which was immediately stored in the freezer to prevent disulfide formation. 'H NMR (400
MHz, CDCl;) 6 (ppm): 5.81 (1H, ddt, J=17.0, 10.2, 6.7 Hz), 4.99 (1 H, dq, J=17.2, 1.7 Hz),
4.93 (1H, ddt, J=10.2, 2.3, 1.2 Hz, 1H), 2.52 (2H, q, J=7.5 Hz), 2.04 (2H, ddt, J=14.8 Hz,
6.87 Hz, 1.4 Hz), 1.60 (2H, qn, J=7.3 Hz), 1.37 (m, 4H), 1.35 (1H, t, J=7.8 Hz), 1.23 (8H,

m).

2.2.9. Sample Preparation for '"H NMR Titrations.

Samples were prepared by first dissolving dried quantum dots in toluene-ds to make a
stock solution. Then an aliquot was removed and diluted with toluene, and the concentration
of the stock solution was determined from the absorbance spectrum using published
extinction coefficients.'*® 100 pM samples of QDs were prepared in toluene-ds from this
stock solution for '"H NMR titrations. Ferrocene (0.2 umol) was added to each NMR sample
as an internal standard for determining the concentration of OA and the exchange ligands.
Exchange ligands were titrated (5-20 equivalents per aliquot depending on the ligand) into
the samples. After each addition, a '"H NMR spectrum was recorded (600 MHz). For these
measurements, 8 scans were recorded with a relaxation time (d;) of 30 s. Spectra were
referenced to the residual methyl solvent peak in the toluene-ds and were processed using
MestraNova software. The multipeak fitting function in MestraNova was used to integrate
the vinyl and alkenyl peaks in the "H NMR to determine the concentrations of bound and free

OA and exchange ligand as discussed in detail below.
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2.3. Results and Discussion

2.3.1. Synthesis and Purification of CdSe QDs

Zinc-blende CdSe QDs (2.8 nm diameter) capped with oleic acid were synthesized
and purified following the procedure of Chambrier et al.’’ Sequential precipitations
employing methanol and ethanol as antisolvents, followed by sonication in acetone were
found necessary in order to obtain QD samples free from residual OA and octadecene.

To examine the evolution of the nanocrystal surface during sequential purification
and precipitation steps, absorbance and photoluminescence (PL) spectra were recorded
throughout the purification process (Figure 2.4, Figure 2.5). Other purification methods
reported in the literature are known to lead to ligand loss and impact the PL of
QDs, PO IISIE6 A frer addition of acetone to the toluene-quenched reaction solution (3:2
toluene:acetone) to precipitate excess Cd(oleate), starting material, no changes in the
absorbance spectrum are observed. Subsequent precipitation/centrifugation steps employing
methanol as an antisolvent lead to hypsochromic shifts (ca. 5 nm total) of all the absorbance
features. Subsequent dispersion in dichloromethane followed by precipitation/centrifugation
with ethanol leads to negligible absorbance shifts. The observed blue shift of the excitonic
absorption peaks suggests a decrease in the size of the QDs, presumably due to removal of
Cd(oleate), from the QD surface. Additionally, there is a slight flattening of the 1S.<2Sp3,2
transition (A = 480 nm). The absorbance changes are accompanied by quenching of the PL;
the PL is quenched by 41% with the first methanol wash, though subsequent precipitation
steps do not significantly affect the PL quantum yield (Figure 2.5A). By contrast, the PL

lifetime is only slightly quenched during the purification process (Figure 2.5B).
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Figure 2.4: Absorbance spectrum of 2.1 uM CdSe QDs in toluene after various purification
steps. Inset A: The 1S.€<2Sy;, transition shows very slight flattening over the course of
purification. Inset B: The 1% excitonic peak undergoes a hypsochromic shift with increased
purification steps.
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Figure 2.5: A) Steady-state photoluminescence spectrum of 2.1 uM CdSe QDs in toluene
after various purification steps (425 nm excitation). B) Time-resolved photoluminescence
spectrum of 2.1 uM CdSe QDs at 540nm in toluene after various purification steps (444 nm
excitation).

These changes observed in the QD absorbance and PL are consistent with previously
reported effects of purification on NC ligand density. Methanol has commonly been reported

144,151,152

to remove surface bound ligands when used in purification. Hens and coworkers

have suggested that ligand loss occurs via protonation of the native carboxylic acid ligands

25



by methanol, followed by dissociation, whereas ligand loss is not observed for aprotic
antisolvents like acetonitrile."** Alternatively, Owen and coworkers report that alcohols, like
other L-type ligands, promote the displacement of Cd(oleate), Z-type ligands from QD
surfaces.””® The decrease in PL quantum yield as well as the hypsochromic shift of the
absorbance spectrum we observe upon purification are consistent with those observations
reported for CdSe NCs in which Cd(oleate), is intentionally displaced from the NC surface in
an L-type promoted Z-type displacement reaction.’*">” Of note, the effects of purification
are likely sensitive to the NC synthesis and crystal structure.

Surface ligand densities were determined by integration of the alkenyl resonance of
OA in the '"H NMR spectrum versus a ferrocene standard of known concentration (Figure
2.6). Based on the concentration of QDs in solution, the QDs used in this study have 35-37
OA ligands per NC (2.8 to 2.9 nm diameter respectively), which corresponds to a surface OA
ligand density of 1.4 OA/am® This falls on the lower end of what has been reported

previously for carboxylic acid-terminated ligands (1.8 — 4.6 OA/nm?)."**"%’

This likely arises
from the displacement of the Cd(oleate), ligand shell upon purification.”*® The surface
density obtained is also sensitive to the extinction coefficient used for determining the
concentration of the QDs, as determined from the absorption spectra. Extinction coefficients
determined via the method of Yu et al. and Jasieniak et al. yield ligand densities of 0.9

40,146

OA/nm* and 1.6 OA/nm” respectively, while the size independent extinction coefficients

from Leatherdale et al. and Capek et al. consistently result in calculated ligand densities of

1.4 OA/nm>.***
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Figure 2.6: 600 MHz 'H NMR spectrum of 111 uM CdSe QDs (5.64 ppm) and 493 uM
ferrocene (3.97 ppm) in toluene-ds. A ligand density of 1.4 OA/nm” is determined from the

integrals of these peaks.

2.3.2. Quantification of Surface Ligands via '"H NMR

The nanocrystals employed in this study are coordinated exclusively by oleic acid.
The 'H NMR spectrum of the purified QDs contains a diagnostic feature for the alkenyl
protons of the oleic acid at ca. & 5.65 ppm (Figure 2.2). Upfield regions of QD 'H NMR
spectra are commonly muddled as long chain ligands contain large number of aliphatic
protons. In addition, signals for coordinated ligands are broadened due to inhomogeneity of
the chemical environments and the restricted relaxation of the protons arising from
coordination to the large nanocrystal. In comparison, the alkene region of these spectra is
very clear and the alkene proton peak for oleic acid is diagnostic for determining ligand

surface coordination. In chlorinated solvents like CDCl; and CD,Cl, this alkenyl peak is
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broad for surface-bound ligands; when the ligand is displaced from the surface, the signal
sharpens and displays a clear splitting pattern, but the absence of a distinct shift upon
dissociation makes deconvoluting bound and free resonances difficult.””’” However, in
deuterated aromatic solvents like toluene-dg and benzene-ds, the signals for bound and free

oleic acid peaks can readily be resolved as they exhibit distinct chemical shifts."**'*® I

n
toluene-ds the chemical shift of the alkenyl protons on OA changes from 5.64 ppm when
bound to 5.46 ppm when free. As such, this peak can be utilized as a spectroscopic handle to
quantify the concentrations of bound and free oleic acid in a sample (Figure 2.6).

In order to obtain a deeper understanding of the surface chemistry of CdSe QDs, we
have explored exchange reactions with a family of ligands that contain both a common X-
type QD surface anchoring group (carboxylic acids, phosphonic acids, and thiols) and a
terminal alkene. These ligands provide a '"H NMR handle to quantify both the free and
surface-bound forms of this “exchange” ligand, analogous to the OA signature. Unlike

54,56,129-138

previous studies, this approach allows both the native and exchange ligand to be

quantified, enabling measurement of the surface equilibrium and ligand exchange ratios.
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2.3.3. Ligand Exchange with Carboxylic Acid-terminated Ligands

== QD Only
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Figure 2.7: 'H NMR spectrum of 100 pM CdSe QDs titrated with undec-10-enoic acid
(UDA) in toluene-ds (600 MHz). Legend indicates the QD:UDA ratio in solution.

Upon the addition of undec-10-enoic acid (UDA) to the OA-capped CdSe NCs, both
states of OA (5.64 ppm bound, 5.46 ppm free) and UDA (5.96 ppm and 5.15 ppm bound,
5.78 ppm and 5.01 ppm free) are observed in the alkenyl region of the '"H NMR spectrum
(Figure 2.7). Like OA, the vinylic protons of UDA have diagnostic features in the alkenyl
region and the bound and free forms of this ligand can readily be distinguished by their
chemical shifts, broadness and splitting patterns. As UDA is titrated into the solution, the
concentration of free OA and bound UDA steadily increases, providing evidence that a
surface equilibrium exists for these carboxylic acid-terminated ligands (Equation 2.1). From

this equilibrium, the equilibrium constant K4 can be determined (Equation 2.2).
QD-O0leate + XH & Oleic Acid + QD-X"~ 2.1

[0A]r[X" 15

Kea = 0teate 1, (xH1, 2.2)
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Figure 2.8: Multi-peak fitting of the 600 MHz 'H NMR spectrum of CdSe QDs and UDA in
toluene-ds. The maroon trace is the sample NMR spectrum, the magenta trace is the fit, and
the red trace is the fit residual.

Integration of the bound oleate ([Oleate™|p), free oleic acid ([OA]r), bound UDA ([ X~
Is), and free UDA ([XH]r) signals against a ferrocene standard allows the concentrations of
these four species to be experimentally determined (Figure 2.8). Analysis of each spectrum
obtained over the course of the titration yields an average K.q of 0.84 (Table 2.1). The linear
relationship of [OA]Js[L]s vs. [Oleate’|s[LH]r (Figure 2.9) gives a similar equilibrium
constant (K.q = 0.82) resulting in an average K.q = 0.83. Notably, upon dilution of the
endpoint sample, no changes to the relative integrations of the bound and free ligand signals
are observed (Figure 2.10). Further, the ratio of [OA]r to [UDA]g is 0.98:1, indicating that
UDA does not initially bind to free sites on the QD surface before displacing the native

ligands (Table 2.1).
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Table 2.1: K4 and ligand exchange ratio obtained for different additions of UDA to a sample
of CdSe QDs. The standard deviation for K4 is 0.05.

0.002 0.82 1.1:1
0.003 0.89 0.87:1
0.004 0.77 1.03:1
0.006 0.78 0.92:1
0.01 0.83 0.96:1
0.012 0.88 0.92:1
0.015 0.88 1.1:1
0.025 0.89 1.02:1
Diluted to 0.008 0.86 0.89:1
OA added (0.01M) 0.80 —

Average 0.84 0.98:1

a0x10° Y =0.82342*X +0
304

20
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Figure 2.9: Plot of [OA]s[UDA]g vs. [OA]g[UDA]r. The slope of this plot can be used to
determine an average K.q for the ligand exchange between OA and UDA.
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Figure 2.10: 600 MHz 'H NMR spectrum of 100 pM CdSe QDs and 0.012 M UDA in
toluene-ds before (maroon) and after (teal, normalized) dilution by a factor of 3.

Addition of OA at the endpoint of the titration leads to an increase in the bound OA
signal along with a decrease in the bound UDA signal, demonstrating the reversibility of this
equilibrium (Keq = 0.8, Figure 2.11). We attempted to run this exchange reaction in the
reverse direction, but unfortunately we were unable to cleanly isolate the UDA-capped NCs;
the necessary purification steps resulted in loss of solubility in toluene. The change in

solubility is likely due to the shorter chain length of UDA in comparison to OA.
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Figure 2.11: 600 MHz 'H NMR spectrum of 100 uM CdSe QDs and 0.012 M UDA in

toluene-dg before (maroon) and after (teal) the addition of 0.010 M free oleic acid. The stared
peak indicates the Z-isomer of OA that is present in lab grade OA.

Absorbance and PL spectra were recorded over the course of the titration to examine
if displacement of Z-type Cd(oleate), occurs during exchange, or if the exchange process is
purely X-type (Figure 2.12). Upon addition of UDA, a minute blue shift (2 nm) of the CdSe
excitonic peak is observed. This could arise from the reduced solvent shielding that arises
from the shorter-chain UDA ligand. Importantly, there is no change to any of the higher-
order absorbance peaks, and no quenching of the steady-state PL, suggesting no displacement
of Cd(oleate), from the NC occurs.**"”” These data suggest that exchange occurs solely

between the X-type ligands, and the surface cadmium atoms remain unaltered.

33



0.8 -

A
0.6 -
o)
o
c
©
Xe
o 0.4+
N
e
< = CdSe QD
40 eq UDA
0.2 4= 80 eqUDA
= 160 eq UDA
== 320 eq UDA
== CdSe QD
S 1.0- 40 eq UDA B
5 == 80 eq UDA
> _| = 160 eq UDA
‘é 0.8 __ 320 eq UDA
S 0.6
£
c
o 0.4+
N
2
E 0.2
Ll
0.0 -

| 1 | |
400 450 500 550 600

Wavelength (nm)
Figure 2.12: A) Absorption spectrum of 3 uM CdSe QDs in toluene titrated with UDA. B)

Steady-state PL spectrum (425 nm excitation) of 3 pM CdSe QDs in toluene titrated with
UDA.

The K.q value determined for this ligand exchange reaction corresponds to a AG of
454 J/mol, indicating this exchange is slightly unfavourable at room temperature. To further
probe the surface equilibrium between OA and UDA, variable temperature NMR studies
were performed. '"H NMR spectra were recorded at temperatures ranging from 313 K to 283
K for samples containing OA-capped QDs and UDA (Figure 2.13). A Van ’t Hoff plot was

constructed from the K4 values determined across the temperature range (Figure 2.14). The
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AH = +8.45 + 0.1 kJ/mol determined for this X-type ligand exchange indicates that this
exchange is an endothermic process. For comparison, two recent reports utilizing isothermal
titration calorimetry to assess ligand adsorption thermodynamics show that the reversible
binding of L-type ligands to vacant coordination sites of CdSe/CdZnS core/shell particles is
an exothermic process while the exchange of X-type acetate for catechol on ZnO

153,158

nanocrystals in accompanied is accompanied by a positive AH. These limited data

suggest that X-type exchange may generally be an endothermic process.

—283 K
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Figure 2.13: 500 MHz 'H NMR spectrum of 0.0015 M UDA and 0.0001 M QD at
temperatures ranging from 283 K to 313 K.

For the X-type exchange reaction explored here, a value of AS = +28 J/mol-K was
obtained from the Van ‘t Hoff analysis. As the AS value is derived from extrapolation to an
intercept, entropy values determined from Van ‘t Hoff analyses are often considered
especially prone to error, thus just the sign of the AS value is commonly interpreted."” The
positive AS value indicates that exchange is an entropically favourable process. While the
observed increase in entropy is not obvious from the 1:1 exchange quantified through NMR
studies, the aforementioned acetate—catechol exchange on ZnO nanocrystals is also

35



158

accompanied by a positive AS (+13.1 J/mol-K). > Overall, the energetic parameters obtained

in these studies are consistent with previous observations of carboxylic acid ligand exchange
reactions for CdSe; a large excess of exchange ligand is required, and these exchange

. . . . . . . . 55.79.160
reactions often require heating or sonication to achieve full ligand displacement.”"*"
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Figure 2.14: Van ’t Hoff plot for the ligand exchange between native OA and UDA in

toluene-ds. Sample 1 (blue trace) contains 0.0015 M UDA and 0.0001 M QD. Sample 2 (red
trace) contains 0.0030 M UDA and 0.0001 M QD.

There have been conflicting literature claims as to whether or not the acidic proton on
the incoming exchange ligand is involved in the exchange reaction. Does the exchange
mechanism follow a protonation of native surface oleate, followed by loss of oleic acid and
binding of the exchange ligand carboxylate? Does nucleophilic attack by the exchange
carboxylic acid occur? Or is a dissociative mechanism responsible for exchange? In an aim to
probe the exchange pathway, we performed experiments with OA-capped CdSe QDs with
UDA and 1 equivalent of N,N-diisopropylethylamine. This base was specifically chosen
because the steric hindrance from the isopropyl groups allow it to interact with the acidic
proton of UDA in solution, but interaction with the QD surface will be severely hindered.
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Owen and coworkers have shown that a 2 M solution of a similar base, tributyl amine, only
displaces 2% of native surface oleate groups.'>® At the concentrations utilized in this study (2
mM to 16 mM), the effect displacement from the N,N-diisopropylethylamine is negligible. In
the NMR spectrum of UDA with 1 equivalent of N,N-diisopropylethylamine (Figure 2.15),
the peaks for the protons in the alpha and beta positions to the carboxylic acid undergo
significant shifts (2.1 ppm) when N,N-diisopropylethylamine is added, while the terminal
alkene protons are unaffected. This indicates an interaction between the N,N-

diisopropylethylamine and UDA, though full deprotonation may not occur.
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Figure 2.15: 600 MHz 'H NMR spectrum of UDA before (maroon) and after (teal) the
addition of 1 equivalent of N,N-diisopropylethylamine in toluene-ds. The starred peak
indicated toluene solvent signal

OA-capped CdSe QDs were titrated with 1:1 UDA:N,N-diisopropylethylamine
(Figure 2.16). Upon titration, both states of OA (5.64 ppm bound, 5.46 ppm free) and UDA

(5.96 ppm and 5.15 ppm bound, 5.78 ppm and 5.01 ppm free) are observed. As was done for
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samples without base added, the NMR spectra at different UDA concentrations were
integrated and a K.q of 0.84 was determined. This value obtained for K is the same as that
obtained for protonated UDA. This suggests that a protonation of surface bound oleate by the
exchange ligand may not be the mechanism for surface displacement. Even if N,N-
diisopropylethylamine does not fully deprotonate UDA, and instead forms an adduct, this
adduct would be less acidic than UDA, and a change in the K., would be expected. We
suggest that a dissociative mechanism may be at play, but further investigation is required. A
correlation between the extent of displacement or exchange K., and exchange ligand pK,

would shed additional light on the mechanism of surface exchange.
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Figure 2.16: 600 MHz 'H NMR spectrum of 100 pM CdSe QDs titrated with UDA—N,N-
diisopropylethylamine in toluene-dg. Legend indicates the QD:UDA ratio in solution.

2.3.4. Ligand Exchange with Phosphonic Acid-Terminated Ligands
The phosphonic acid analogue of UDA, undec-10-en-1-ylphosphonic acid (UDPA),
was synthesized by a Michaelis-Arbuzov reaction of triethylphosphite with 11-bromo-1-

undecene acid, followed by cleavage of the ester groups with bromotrimethylsilane. OA-
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capped CdSe NCs were titrated with UDPA and monitored by "H NMR (Figure 2.17). Unlike
the carboxylic acid analogues, only bound UDPA (6 5.89 and 5.12 ppm), bound OA (5 5.64
ppm), and free OA (6 5.45 ppm) are observed across the addition of up to 40 equivalents of
UDPA. Free UDPA (6 5.80 and 5.02 ppm) only appears once all of the oleic acid is displaced
from the surface, suggesting that this ligand exchange is not an equilibrium process, but
rather involves quantitative displacement of OA by UDPA. Integration of the free OA and
the bound UDPA signals yields an exchange ratio of 1.06:1 free OA:bound UDPA,
indicating that UDPA does not initially bind uncoordinated atoms on the NC surface before

displacing OA, consistent with work by Hens and coworkers.'**
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Figure 2.17: 'H NMR spectrum of 100 puM CdSe QDs titrated with UDPA in toluene-ds (600
MHz). Legend indicates the QD:UDPA ratio in solution.

To probe the reversibility of this exchange, UDPA-capped QDs were isolated by a
single precipitation with ethanol at the end point of the titration. The UDPA-capped QDs

were then immediately dispersed in toluene-dg (Figure 2.18). Upon the addition of OA to the
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UDPA-capped QD, only free OA is observed in the '"H NMR spectrum indicating that
carboxylic acids do not displace phosphonic acid ligands on CdSe surfaces under these
conditions. By contrast, when excess octylphosphonic acid is added to UDPA-capped QDs,
free UDPA ligand is observed in the 'H NMR spectrum (Figure 2.19), indicating that
phosphonic acid-terminated ligands can displace other phosphonic acid ligands. The limited
stability of the UDPA-capped QDs limited us from studying this exchange reaction in more

depth.

— UDPA-capped QDs
—Free OA Added

*0A Z-isomer impurity

.iS ‘ 6.65 ‘ 5.%35 ‘ 5.‘85 ‘ 5.‘75 ‘ 5.65 ‘ Sia (‘ppsnhw;;s ‘ 5.55 ‘ 5.é5 ‘ S.iS ‘ 5.65 ‘ 4.%35 ‘ 4.éf
Figure 2.18: 600 MHz "H NMR spectrum of CdSe QDs capped with UDPA before (maroon)
and after (teal) the addition of free OA. The starred peak indicates the Z-isomer of OA that is

present in lab grade OA.
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Figure 2.19: 600 MHz "H NMR spectrum of CdSe QDs capped with UDPA before (maroon)
and after (teal) the addition of free octylphosphonic acid (OPA). The starred peak indicates
residual free OA.

Figure 2.20 shows the absorbance and PL spectra of CdSe QDs titrated with UDPA.
Upon addition of UDPA, the excitonic absorption peaks red shift by 5 nm and decrease
slightly in intensity. The absorbance feature at 420 nm also decreases in intensity, and the
1S.€28Sh32 peak at 476 nm flattens slightly. The PL of the quantum dots is 98% quenched
with 130 equivalents of UDPA. Similar results were obtained upon titration with
octylphosphonic acid. The changes in the absorption spectrum and PL intensity suggest that
the irreversibility of the phosphonic acid exchange arises because the NC surface is altered

during the exchange.
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Figure 2.20: A) Absorption spectrum of 2.3 uM CdSe QDs in toluene titrated with UDPA.

B) Steady-state PL spectrum (425 nm excitation) of 2.3 uM CdSe QDs in toluene titrated
with UDPA.

Of note, when concentrations of UDPA greater than necessary to quantitatively
displace the native OA ligands are added, the excitonic absorbance feature begins to blue
shift (2 nm with 130 equivalents added). This blue shift does not occur when stoichiometric
amounts of N,N-diisopropylethylamine are present (1:1 UDPA:base or 1:2 UDPA:base), and
the PL quenching plateaus at 90% rather than >98% under these conditions (Figure 2.21).

Further, samples with excess UDPA were found to degrade overnight, as evidenced by
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bleaching of all excitonic absorbance features (Figure 2.22). These data suggest excess

phosphonic acid leads to etching of zinc blende CdSe nanocrystals.
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Figure 2.21: A) Absorption spectrum of 2.3 uM CdSe QDs in toluene titrated with UDPA
and 1 equivalent N,N-diisopropylethylamine. B) Steady-state PL spectrum (425 nm
excitation) of 2.3 uM CdSe QDs in toluene titrated with UDPA and 1 equivalent N,N-
diisopropylethylamine. C) Absorption spectrum of 2.3 uM CdSe QDs in toluene titrated with
UDPA and 2 equivalents N,N-diisopropylethylamine. D) Steady-state PL spectrum (425 nm
excitation) of 2.3 uM CdSe QDs in toluene titrated with UDPA and 2 equivalents N,N-
diisopropylethylamine.
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Figure 2.22: Absorbance of 2 pM QDs CdSe QDs (red) exposed to excess UDPA for 2 days
(blue).

2.3.5. Ligand Exchange with Thiol-Terminated Ligands

Undec-10-ene-1-thiol (UDT) was synthesized by a nucleophilic substitution of 11-
bromoundecene with potassium thioacetate. Upon addition of UDT (10 eq.) to OA-capped
CdSe NCs, both the bound (6 5.95 and 5.13 ppm) and free (6 5.77 and 5.01 ppm) forms of
UDT are observed in the "H NMR spectrum (Figure 2.23). Peaks corresponding to both the
bound and free forms of UDT increase with increasing additions of UDT. However, unlike
for the carboxylic acid exchange, the vinylic proton resonances of UDT appear as sharp

signals with distinct splitting patterns.
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Figure 2.23: 600 MHz 'H NMR spectrum of 100 uM CdSe QDs titrated with UDT in
toluene-ds. Legend indicates the QD:UDT ratio in solution. Inset A: Upfield region of the
NMR titration showing the Triplet peak which indicates disulfide formation.

We initially attributed this observation to slow exchange kinetics, but then also
considered that these peaks could arise from the corresponding disulfide. A disulfide
molecule would be unable to bind to the QD surface, and thus would exist only in the free
form in solution and give rise to a sharp resonance in the 'H NMR spectrum. It has
previously been reported that CdSe QDs catalyze the formation of disulfides from thiol

ligands, even in ambient light,>>'*"*

In the free thiol, the protons alpha to the thiol group
appear as an overlapping doublet of triplets splitting pattern (apparent quartet, coupling to the
thiol proton and adjacent CH, protons are very similar) and have a chemical shift of 2.20
ppm. Upon disulfide formation, the resonance for these protons shifts downfield to 2.58 ppm
and exhibits a clear triplet splitting pattern because coupling to the thiol proton is lost.
Observation of this triplet signal at § 2.58 ppm in our 'H NMR (Figure 2.24) confirms that
the disulfide is indeed produced under the conditions employed for the titration. Because the

vinyl resonance of the disulfide has the same chemical shift as the free thiol, and we cannot
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deconvolute the signals, we are unable to use this resonance as an indicator for free UDT in
solution, as was done previously for UDA and UDPA. However, we were still able to obtain

exchange ratios and perform reversibility experiments.
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Figure 2.24: 600 MHz '"H NMR spectrum of 100 pM CdSe QDs titrated with UDT in
toluene-ds. Legend indicates the QD:UDT ratio in solution. Triplet peak indicates disulfide
formation.

Unlike the exchange reactions with carboxylic acids and phosphonic acids discussed
above, for which a 1:1 exchange ratio is observed, the ratio of free OA to bound UDT is
1:2.3 for the first UDT addition (Table 2.2). This corresponds to a ligand density of 1.3
OA/nm* and 0.2 UDT/nm’ giving a total ligand density of 1.5 ligands/nm®. Upon successive
titrations, this ratio approaches 1:1.6 (0.6 OA/nm” and 1.3 UDT/nm?). This suggests that the
thiols first bind to open coordination sites on the QD surface before displacing OA ligands.
Additionally, the smaller size of the thiol anchoring group compared to a carboxylic acid or
phosphonic acid could allow more thiol ligands to bind to the QD surface. Further, the

monodentate binding nature of thiols also likely influences the binding stoichiometry.
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Cossairt and coworkers have recently shown that carboxylic acids bind to InP nanoclusters in
4 modes, one of which involves symmetric bridging of two indium atoms.'®" If this bridging
binding mode is also present for native oleate ligands on CdSe, the increased coverage of
thiol ligands could result from displacement of carboxylic acids binding in this bridging
motif. In order to maintain charge balance in these various ligand exchange processes, the
ligands binding open coordination sites are likely doing so as neutral thiols, while those
displacing the native oleate ligands undergo a proton transfer reaction and bind as thiolates.
Alternatively, Z-type Cd(oleate), ligands may be involved in exchange in order to maintain

charge balance.

Table 2.2: Ligand exchange ratios obtained for different additions of UDT to a sample of
OA-capped CdSe QDs.

0.0005 1:2.30 1.3 0.2 1.5
0.001 1:2.11 1.2 0.4 1.6
0.002 1:1.89 1.1 0.5 1.6
0.003 1:1.71 1.0 0.6 1.6
0.006 1:1.62 0.8 1.0 1.8
0.008 1:1.59 0.6 1.3 1.9

In order to probe the reversibility of this exchange, UDT-capped QDs were isolated
by a single precipitation with ethanol after addition of excess UDT. The QDs were then
immediately dispersed in toluene-ds. Free thiol/disulfide is still observed after a single
cleaning with ethanol (Figure 2.25), but further purification attempts led to loss of solubility
in toluene. Upon the addition of OA to these isolated UDT-capped NCs, only free OA is

observed, suggesting that thiolate ligands cannot be displaced by carboxylic acids.
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Figure 2.25: 600 MHz '"H NMR spectrum of CdSe QDs capped with UDT before (maroon)
and after (teal) the addition of free OA. The starred peak indicates the Z-isomer of OA that is
present in lab grade OA.

We also examined the absorbance and emission of CdSe QDs upon titration with
dodecanethiol (Figure 2.26). Upon addition of dodecanethiol, the excitonic absorbance peak
red shifts by 2 nm, and an increase in intensity is observed over the entire absorbance
spectrum. Though visually the sample did not seem to scatter light significantly, this
absorption change is usually indicative of increased scattering in a sample, which could be
due to ligand loss from the oxidation of surface ligands to disulfides. The red shift observed
may be due to excitonic delocalization over the stronger binding thiol ligands which has been

reported previously for dithiocarbamate ligands.*>'%*

Quenching of the steady-state PL
spectrum is also observed, consistent with prior observations for nanocrystals exposed to n-
alkane thiols and generally attributed to hole transfer to thiol-terminated

65,129,140,141,163-165

ligands.
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Figure 2.26: A) Absorption spectrum of 2.3 uM CdSe QDs in toluene titrated with
dodecanethiol (DDT). B) Steady-state PL spectrum (425 nm excitation) of 2.3 uM CdSe QDs
in toluene titrated with DDT.

2.4. Conclusions

Ligand exchange reactions at CdSe nanocrystal surfaces employing a family of
ligands with various surface anchoring groups (carboxylic acid, phosphonic acid, and thiol)
and terminal alkene functionalities have allowed us to quantify the relative concentrations of
free and surface-bound forms of both the exchange ligand as well as the native oleic acid
ligand via 'H NMR spectroscopy. The addition of undec-10-enoic acid to OA-capped
quantum dots results in a surface equilibrium between the two ligands (K¢q = 0.83). UDA
exchanges in a 1:1 stoichiometry with native oleic acid, with no binding to open surface sites
observed. Absorbance and emission experiments suggest this exchange occurs purely
between surface ligands, and the surface metal atoms remain unaltered during the exchange.
Undec-10-en-1-ylphosphonic acid irreversibly displaces OA ligands from CdSe QDs with a
1:1 stoichiometry. Absorption and emission experiments suggest that the surface metal atoms
may be involved in this exchange reaction, and prolonged exposure to free phosphonic acids
leads to etching of the QDs. Undec-10-ene-1-thiol also irreversibly displaces native OA

ligands, with a ligand exchange stoichiometry of 1:1.6 free OA to bound UDT. A higher
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(1:2.3) exchange ratio is initially observed suggesting thiols first bind to open sites on the
QDs before displacing OA ligands. However, production of a disulfide product is observed

when UDT is added to CdSe QDs, which limits the long-term stability of these ligands.
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CHAPTER 3. Revealing the Relationship between Semiconductor Electronic Structure
and Electron Transfer Dynamics at Metal Oxide-Chromophore Interfaces

Reprinted with permission from Knauf, R. R.; Brennaman, M. K.; Alibabaei, L.; Norris, M.
R.; Dempsey, J. L. Revealing the Relationship between Semiconductor Electronic Structure

and Electron Transfer Dynamics at Metal Oxide-Chromophore Interfaces. J. Phys. Chem. C
2013, 717 (48), 25259-25268. Copyright 2013 American Chemical Society

3.1. Introduction
Solar energy conversion technologies, including dye-sensitized solar cells and dye-
sensitized photoelectrosynthesis cells may provide access to a sustainable-energy based

10,45,81
future. ™

Both DSSC and DSPEC devices rely on chromophores bound to nanocrystalline
wide-band-gap semiconductors. In these devices, photoexcitation of the chromophore
promotes rapid charge injection from the dye into the conduction band of the semiconductor.
In a DSSC, voltage produced by the charge separated state is used to drive a load while in a
DSPEC, redox equivalents generated are used to promote fuel-forming catalysis.

Ultimately, the performance of these and similar devices are dictated by the rates and
efficiencies of various electron transfer processes, including electron injection, back electron
transfer, charge transport and fuel formation reactions. Significant research efforts have been
put forth to elucidate the dynamics of these processes and understand the device parameters
that influence them. These collective studies have contributed to a deeper understanding of
device mechanism and performance, but the complex semiconductor structures and intricate

charge transport mechanisms have yet to be fully elucidated. To date, the vast majority of

these studies for device applications have focused on nanocrystalline TiO,-based systems,
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though other semiconductor materials, including SnO,, Nb,Os, and ZnO, have warranted
investigation.*>'?1°17 In the context of a DSPEC anode material, SnO, is an attractive

alternative to TiO,. The SnO, conduction band is 0.4 V positive of TiO,,*?71%

compatible
with a variety of chromophores that feature weakly reducing excited states and in turn, have
ground state oxidation potentials capable of driving water oxidation catalysis. Despite the
promise of SnO;, the intrinsic and interfacial electron dynamics are less well studied for this
material than for TiO,.

In this study, we utilize nanosecond laser flash photolysis to evaluate the kinetics of
back electron transfer between injected electrons and oxidized surface-bound ruthenium
chromophores in aqueous conditions. The semiconductor-chromophore systems explored in
this study include both TiO, and SnO, nanoparticle films with bound ruthenium
chromophores containing phosphonate linkers for stable surface binding, [Ru(bpy).(4,4'-
(PO3H)2bpy)]”” (RuP) and [Ru(bpy)x(4,4'-(CHPOsH)2bpy)I*” (RuCH:P) (bpy = 2,2'-
bipyridine, 4,4-(POsHy),bpy =  4,4"-bis(phosphonic  acid)-2,2'-bipyridine;  4,4'-
(CH,POsH,),bpy =  4,4"-bis(methylphosphonic  acid)-2,2-bipyridine).**'*®®  Systematic
variations of pH, excitation intensity, and chromophore linker have allowed us to tune
parameters including the conduction band edge potential, surface trap state identity, injection
yields and electronic coupling. Complementary electrochemical measurements provide
additional insight into the energetic distribution of sub-band-gap trap states. This side-by-side
comparison of TiO, and SnO, has revealed details of charge recombination mechanisms and

highlighted the influence of electron trap state identity on back electron transfer.
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3.2. Experimental

3.2.1. Chromophore Synthesis
[Ru(bpy)2(4,4'-(PO3H,):bpy)]Cl, (RuP) and [Ru(bpy).(4,4'-(CH,PO3H>),bpy)]Cl, (RuCH,P)

were prepared by previously reported methods.*®

3.2.2. Metal Oxide Film Fabrication
Screen-printed nanocrystalline TiO, films were prepared as previously reported with
Dyesol (18NR-T transparent titania paste, Dyesol, 20 nm particle diameter) on FTO-coated

169

glass (Hartford Glass; sheet resistance 15 Q cm™).'” Nanocrystalline ZrO, films were

prepared on FTO-coated glass via a previously reported procedure.'® Nanocrystalline SnO,

100 76 2

films were prepared using a modified literature preparation on FTO-coated glass.
rapidly stirred SnO, colloidal solution (37 g, 15% w/v, Alfa Aesar, 15 nm particle diameter),
1 g of glacial acetic acid was added dropwise. The resulting mixture was stirred at room
temperature in a sealed container for 36 hours. The solution was then autoclaved at 240 °C
for 80 hours, and allowed to cool. The resulting colloid was dispersed with a Branson
Ultrasonics  sonic  horn for 3  minutes (50% duty cycle, 70% total
power). Hydroxypropylcellulose (3 g, Aldrich, MW = 80,000) was then added slowly over 3
minutes. The resulting paste was stirred for several days prior to preparing films. Thin films

were prepared using the doctor blade method with tape-casting and sintered at 450 °C for 120

minutes. All films were approximately 3.5 um thick.

3.2.3. Surface Attachment
For this study, all chromophore-derivatized nanocrystalline films were fully loaded

with dye. Sensitizers were anchored to the SnO;, and TiO, nanocrystalline surfaces by
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soaking mesoporous metal oxide film coated FTO electrodes overnight in room temperature
0.1 M HCIO4 aqueous solutions containing RuP (or RuCH,P) with concentrations ranging
from 1x10° M to 2x10™* M. Slides were then soaked for at least 8 hours in 0.1 M HCIO,
aqueous solution to remove excess unanchored complexes. Absorptions measurements were
made with an Agilent Cary 60 UV-Vis Spectrophotometer. Loaded slides were placed in a
cuvette at 45° angle to the beam direction, the cuvette was filled with an aqueous solution of
HCIO4, and samples placed under an Argon atmosphere. The background of the bare SnO,
slide absorbance has been subtracted from the reported absorbances. Optical densities of the

RuP-Sn0O,, RuCH,P-Sn0O; and RuP-TiO, films employed were nearly identical.

3.2.4. Transient Absorption Spectroscopy

Nanosecond to microsecond transient absorption experiments were performed using a
commercially available laser flash photolysis system (Edinburgh Instruments, Inc., model
LP920) with laser excitation (532 nm, 5-7 ns FWHM, typically 4.0 £ 0.1 mJ/pulse unless
stated otherwise, 5 mm beam diameter, 20 mJ/cm?) provided by a pulsed Nd:YAG laser
(Spectra-Physics, Inc., model Quanta-Ray LAB-170-10) / OPO (VersaScan-MB)
combination. To accommodate the pulsed, 1 Hz intensification of the 450 W Xe probe
source of the LP920, the laser system was set such that the flashlamps were fired at 10 Hz yet
Q-switched at 1 Hz. Timing of the experiment, including laser and probe pulsing, was
computer controlled via Edinburgh software (L900) as was data collection with the aid of a
Tektronix oscilloscope (model TDS-3032C). The LP920 white light probe output was
passed through a 375 nm long pass color filter before passing through the sample to
minimize band gap excitation of the metal oxide. The LP920 was equipped with a multi-

grating detection monochromator outfitted with a Hamamatsu R928 photomultiplier tube
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(PMT) in a non-cooled housing and a gated CCD (Princeton Instruments, PI-MAX3) such
that detection was software selectable. Single wavelength transient absorption kinetics were
monitored with the PMT (10 ns FWHM IRF, reliable data out to 400 ps, 300 nm — 900 nm)
and the gated CCD was used for recording transient spectra covering the entire visible region
(400-850 nm, 3 nm spectral bandwidth) at a given time after excitation (10 ns
gatewidth). For PMT measurements, spectral bandwidth was typically <5 nm with color
filters placed after the sample but before the detection monochromator to eliminate laser
scatter. Data were the result of averaging 50-200 laser shots. Kinetic data were analyzed
using Igor Pro (WaveMetrics Inc.) or L900 (Edinburgh, Inc.) software. Data were collected
at room temperature (295 + 3 K). Derivatized SnO, and TiO, films were inserted diagonally
into a 10 mm path length quartz cuvette whose top had been adapted with a #15 o-ring
sealing joint, sidearm, and Kontes valve. After addition of aqueous HCIlO4 solutions
(distilled water; 70% HCIO4, ACS reagent, Sigma-Aldrich) to the cuvette, the sample was

sparged with argon for at least 45 minutes immediately prior to experiments.

3.2.5. Steady-State Emission

PL spectra were acquired with an Edinburgh Fluorescence Spectrometer (FLS920)
equipped with integration sphere (1 nm step size, 10 nm bandwidth). Excitation was at 450
nm, with a 475 nm long-pass optical filter placed before the detector. Emission intensities at
each wavelength were corrected for system spectral response. The integrating sphere was
used as specified for a film-based sample, with the sample films placed face up on the sample
platform. Aqueous HCIO,4 of specified pH was dropped on top of the slide, and the sample

was covered with a microscope cover slip. Emission spectra have been absorbance adjusted.
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Background spectra of the bare metal oxides (ZrO, and SnO,) were also taken and subtracted

from the reported emission spectra.

3.2.6. Electrochemical Measurements

Electrochemical measurements were performed using the nanostructured metal
oxide/FTO film as the working electrode in a standard three-electrode cell with a Ag/AgCl (3
M NacCl) reference electrode and a Pt wire counter electrode. Areas of bare FTO on the
working electrode were covered with Kapton tape to eliminate background current. Aqueous
solutions containing 0.1 M NaClO4 (NaClO4*H>0O, 99%, EM Science) as the supporting
electrolyte were adjusted to indicated pH values with HClO4 and NaOH. Measurements were
made at room temperature with a WaveNow potentiostat (Pine Instruments) controlled by
Aftermath software (Pine Instruments). Cyclic voltammograms (CVs) were recorded at a
scan rate of 20 mV/s. Multiple CVs were collected until the voltammogram showed no
changes from the previous cycle. The CVs reported are the resulting 3™ or 4™ cycles. Data
were processed using Igor Pro (Wavemetrics). Open circuit potential (OCP) measurements
were in the dark, in pH 1 HCIO4 with no supporting electrolyte (identical conditions to
samples utilized in transient absorption measurements). OCP readings were taken after the

voltage had stabilized (~20 minutes) within an error of £10 mV.

3.2.7. Spectroelectrochemical Measurements

Spectroelectrochemical measurements were made with an Agilent Cary 60 UV-Vis
Spectrophotometer and the setup described above for electrochemical measurements. The
SnO,/FTO working electrode was placed at 45° angle in a modified cuvette containing an
aqueous solution of Argon sparged aqueous HCIO4. The optical compartment of the cuvette

was modified with an extended sample compartment out of the spectrometer beam path
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which held the reference and counter electrodes. Linear staircase voltammetry was used with
a step size of 50 mV and a 2 minute hold time at each potential. The potential was stepped
fromm +0.45 V to —0.4 V vs. Ag/AgCl and absorbance spectra were measured at each
interval. The spectra are reported the difference of the absorbance at the specified applied
voltage minus the absorbance at 0.45 V, Absapplica — Abso 4sv.

3.3. Results

3.3.1. RuP-SnO; Characterization

Adsorption of RuP-SnO, was measured as a function of solution immersion time to
obtain an adsorption isotherm shown in Figure 3.1; the intensity of the metal-to-ligand
charge-transfer (MLCT) absorption increases with surface coverage and plateaus as a
complete monolayer of dye is formed. The loading isotherm indicates complete surface
coverage is achieved within 120 minutes of loading slides in 1x10*M RuP in a 0.1 M HCIO,4
aqueous solution. RuP-SnO, and RuP-TiO; films utilized in the experiments described
below were all loaded overnight to ensure complete surface coverage. A surface coverage
dependence was not investigated here yet prior studies on RuP-TiO, indicated charge
recombination dynamics vary with surface loading presumably arising from the disparate

170

number of electrons injected which simulates an applied bias effect. ™ The maximum surface

coverage for SnO, films were calculated as previously reported for TiO,.'™
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Figure 3.1: Surface loading isotherm for RuP—SnO,.

The absorption spectra of the RuP—SnO, films is dominated in the visible region by
the metal-to-ligand charge-transfer absorption (Amax = 455 nm) of RuP with contributions
from both dn%n*(bpy) and dn%n*(bpy(POgHz)z) transitions (Figure 3.2). The MLCT
absorbance feature undergoes a slight hypsochromic shift when the solution pH is increased
from pH 1 to pH 3 (Figure 3.2, inset), consistent with observations of RuP-TiO,."”" The
spectral shifts are attributed to proton loss from phosphonate groups of the surface bound
RuP chromophore, which has a pK, of ~2 when bound to TiO,."”" The absorbance of the
RuP-Sn0O,, RuCH,P-Sn0O; and RuP-TiO; films utilized for experiments were comparable,

indicating equivalent surface loading.
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Figure 3.2: Absorption spectra of RuP loaded on SnO;, (SnO, absorption background

subtracted) in pH 1 and pH 3 aqueous HCIO, solutions. I' = 7.5 x 10™ mole-cm™. Inset:
Absorption difference spectrum between pH 1 and pH 3.

3.3.2. Steady-State Photoluminescence

Photoluminescence emission spectra (Aex = 450 nm) were obtained for RuP-ZrO, and
RuP-SnO; as a function of pH (Figure 3.3). Emission spectra were collected in an integrating
sphere and are corrected for the amount of light absorbed. The conduction band energy of
ZrO, is significantly negative of the RuP" oxidation potential; as such, electrons are unable to
inject. For RuP-ZrO,, there is a slight hypsochromic shift in the RuP PL maxima between
pH 1 and 3, consistent with the absorbance spectra. This is attributed to proton loss from the
surface bound phosphonate groups of the RuP chromophore (pK,= 2). Further, the PL
intensity of RuP-ZrO, changes very little with pH. By contrast, the PL intensity of RuP—
SnO, is almost completely quenched; at pH 1, the PL intensity of RuP—SnO; is less than 1%
of that for RuP—ZrO,. This emission quenching, along with long lived transient bleach
signals (hundreds of ps) and the relatively high oxidation potential of RuP gives strong

evidence for efficient electron injection into SnO,.
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Figure 3.3: Background corrected emission spectra of RuP on ZrO, (solid lines) and SnO,
(dashed lines) in pH 1, 3, and 5 aqueous HCIO4 solutions.

The bare ZrO2 and has a minor emission peak centered at 660 nm which is less than
5% of the emission intensity of RuP on ZrO,. This background PL is subtracted from the
spectra in Figure 3.3. The SnO, slides show this same emission background (Figure 3.4),
suggesting it arises from light scattering which is unaccounted for by the integrating sphere
correction. However, the emission of RuP on SnO, is extensively quenched (Figure 3.3,
suggesting near 100% injection), and as such, the emission spectrum is dominated by this
background feature. The SnO, PL background is subtracted from the RuP—SnO, spectra in
Figure 3.5. The RuP-SnO, PL intensity is less than 1% of RuP-ZrO, PL, as such the signal
intensities recorded for RuP—SnO; PL are near the instrument detection limits (Figure 3.5). It
is possible that the small differences observed with pH for the RuP-SnO, PL may be simply

due to sample variation.
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Figure 3.4: Raw steady-state emission spectra of RuP-SnO; in pH 1, 3, and 5 aqueous
HCIOj solutions, as well as the emission spectrum of bare SnO; collected in an integrating

sphere.
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Figure 3.5: Background emission/scatter corrected steady-state emission spectra of RuP—
SnO; in pH 1, 3, and 5 aqueous HCIOy solutions.

The quenching of RuP—SnO, PL decreases slightly with increasing pH, indicating
injection efficiency is highest at low pH values (Figure 3.4), although these differences are
minute. Kinetics traces recorded for RuP—SnO, (discussed below) better illustrate the
increased injection yields observed with decreasing pH, where the AAbsy.x increases by a
factor of ~2 from pH 5 to pH 1. These observations are consistent with previously observed
behavior of RuP-Ti0,."”” Kinetics traces obtained from TA experiments also indicate that

injection yields for RuP-SnO, and RuP-TiO; are comparable at pH 1(vide infra).
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3.3.3. Interfacial Charge Recombination Dynamics

Transient absorption spectra (Figure 3.6) were measured as a function of delay time
relative to pulsed laser excitation of RuP—-SnO, (Aex = 532 nm). The difference spectra are
dominated by a bleach centered at 460 nm, corresponding to the oxidized chromophore. A
low intensity broad absorption on the low energy side of the spectrum is also observed.
Spectroelectrochemical measurements of bare SnO, films (Figure 3.7) show a similar broad
absorption feature beginning near 600 nm when the films are reduced electrochemically, by

45,172-175

comparison to similar observations made for reduced TiO, this feature is assigned to

SnO;(e).
20+
0-
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&
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Figure 3.6: Transient absorption spectra of RuP—SnO, in pH 1 HCIlO,, following 532 nm
excitation, at various time delays. Excess noise was filtered from the data by using 3 passes
of binomial smoothing.
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Figure 3.7: Spectroelectrochemical measurements of SnO, in aqueous pH 1 HCIO,.
Difference spectra shown are of the absorbance at the applied voltage minus the absorbance

at 0.45 V, Absappiicda — Abso sy, (grey to black) with applied voltages ranging up to 0.4 V vs.
Ag/AgCl in 50 mV steps (some steps omitted for clarity).

These transient spectral features indicate rapid electron injection to form the charge
separated state Ru’"P-SnOs(e"). The intensity of the transient spectral features decreases on
the order of microseconds, corresponding to charge recombination (back electron transfer,
BET). Similar observations have previously been reported for RuP-TiO,."”

Charge recombination dynamics for RuP-SnO, and RuP-TiO;, were monitored via
single wavelength transient absorption. Nearly identical kinetics were obtained at 400 nm

176y ‘and 450 nm (near the maximum of the

(ground-state/excited-state isosbestic point
transient bleach). Kinetics analyses, discussed below, were carried out on traces collected at
the ground-state/excited-state isosbestic point (Figure 3.8). The magnitude of the bleach upon
photoexcitation is comparable for the two systems under identical conditions (pH 1, 4 mJ

pulse energy, fully loaded films), indicating similar injection yields are achieved for the two

metal oxide systems.
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Figure 3.8: Transient absorption spectral changes of RuP-SnO, (red) and RuP-TiO, (blue)
monitored at 400 nm following 532nm excitation (4 mJ) in pH 1 aqueous HCIO4 solution.

The recombination dynamics for both RuP-TiO, and RuP-SnO; are highly complex,
as has been observed in similar studies.”>*"'”” BET occurs over a broad span of timescales
(nanoseconds — milliseconds) with kinetics that have been fit by various models in related
studies. One approach utilizes equal-concentration second-order kinetics, or a sum of equal-
concentration second-order components, which models recombination of the charge
separated state Ru’’-MO,(e’) in an analogous fashion to solution-based charge-
recombination processes.****>” Another method applies the Kohlrausch-Williams-Watts
distribution, or a stretched exponential, to fit the transient to a Levy distribution of rate
constants based on the distribution of localized trap states and a ‘continuous-time random
walk’ model.*'"*'** Here, we utilize a third approach—a tri-exponential function.'®*'”” This
model has previously been used in related systems when neither of the above models can
provide a satisfactory fit to the kinetic data, and was chosen here in order to provide direct
comparison to previous related reports of BET dynamics in RuP-TiO,. While the

triexponential model has no implication toward a functional form derived from physically
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relevant reaction pathways, it is used to quantitatively track and compare dynamics between

data sets.
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Figure 3.9: Kinetics trace of RuP—SnO, monitored at 400 nm following 532 nm excitation
(4mJ) in pH 5 aqueous HCIOy solutions.

Two major kinetics processes are observed—a fast component occurring on the
microsecond timescale followed by a slower process on the timescale of hundreds of
microseconds (RuP—-SnQO,) or milliseconds (RuP-TiO,) (Figure 3.9, Reference 170). Due to
current instrumentation limitations, we were unable to obtain satisfactory measurements of
the long component dynamics. The short component, taken as the first 4 pus, which accounts
for more than 75% of the total amplitude change, was fit to a tri-exponential function
(Equation 3.1), and the longer component was examined qualitatively by the parameter
AAgiow as in previous related studies of RuP-TiO,, permitting direct comparison.'”® Error
bars in Tables 3.1, 3.2, and 3.3 indicate the standard error of the mean values obtained from

3—4 independent measurements.
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AAbs = Aje ™1t + A ekt + Aje kst 3.1

T, =1/k; <t>=YA 1%/ Y AT (3.2)

The kinetics traces (Aobs = 400 nm) for RuP-TiO, and RuP—SnO, at pH 1, and their
respective fits, are presented in Figure 3.8. The BET in RuP-SnO; occurs at a faster rate than
the TiO, system. Additionally, the RuP—SnO, recombination trace contains a smaller
contribution from the long time component. Kinetic parameters for the two samples,
presented in Table 3.1, indicate that recombination on the microsecond timescale is about
twice as fast for RuP-SnO,, but the time constants determined for the two systems are of
similar magnitude. However, the amplitude contribution from the long time component

(AAgow) is nearly three times greater for RuP—TiO,.

Table 3.1: Kinetic parameters from fits to transient absorption data in Figure 3 in pH 1
HCIlO4. Aex = 532 nm (4 mJ), Agbs = 400 nm.

A tms) A, T(ns)  As 73(ns)  <t>(ns) AAgow’

RuP-SnO,| 0.02 | 27+£3 | 0.01 | 260+10 | 0.006 |3710+170| 3500 |5.0=+0.4

RuP-TiO, | 0.015 | 5545 | 0.013 | 450 £20 | 0.010 | 6500 £200 | 5900 |14+0.5

RuP-TiO,"| 0.36 50 0.31 450 0.33 6000 5600 15

L iterature value for normalized TA data taken at 400 nm. Reference '

® Percent of the total signal remaining at 4 ps

3.3.4. pH Dependence Studies
Kinetics traces for RuP-SnO, measured at pH 1, 3, and 5 with equal excitation pulse
energies (4 mJ) are shown in Figure 3.10. Corresponding kinetic parameters are presented in

Table 3.2. The rate of recombination is attenuated as pH is increased; t; doubles between pH
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1 and pH 5, while 1; and 13 increase only slightly. The pH dependence observed for RuP—
SnO, at equal excitation pulse energy is less significant than that observed in similar studies
of RuP-Ti0,."” In the TiO, system studied previously, all three time constants (t;, T, and 13)
increase by a factor of ca. 2 when the pH is increased from pH 1 to pH 5 while AAgow

increases from 15 to 30 % in the same range.'”’
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Figure 3.10: A) Normalized and B) un-normalized transient absorption spectral changes of
RuP—SnO; monitored at 400 nm following 532 nm excitation (4mJ) in pH 1, 3, and 5
aqueous HCIOy solutions.

Table 3.2: Kinetic parameters from fits to normalized transient absorption data in Figure
3.10A at pH 1, 3, and 5 HCIO4. Aex = 532 nm, Agps = 400 nm.

Enelzgsfmn Al ums) A wms) A;  w@ms) <o) AAgoew’

H 1 4 0.6 | 2743 | 0.28 | 260+10 | 0.14 |3700+170| 3300 |5.0+04

H3 4 0.5 | 4143 | 0.31 | 313+10]0.18 [3950+140| 3400 | 7.0+0.3

HS5 4 0.45 ] 62+3 | 0.33 | 403 +£20 | 0.19 |4285 +200] 3600 | 9.0+1.2
" Percent of the total signal remaining at 4 ps

Importantly, these kinetics traces (Figure 3.10B) indicate injection yields are
inequivalent for samples at different pH, based on the magnitude of the bleach at 400 nm. It

has ben previously shown for RuP-TiO; that increased laser intensity (and in turn a greater
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number of injected electrons) leads to faster recombination rates.'” As such, recombination
dynamics were then measured for RuP-SnO, and RuP-TiO; as a function of pH with varied
excitation pulse energies in order to achieve equivalent injection yields between samples, as
determined by the magnitude of the bleach at 400 nm (Figure 3.11). Qualitatively, the RuP—
TiO, sample series (Figure 3.11B) exhibits a significantly more dramatic pH dependence
than the RuP-SnO, sample series (Figure 3.11A). The kinetic parameters (Table 3.3) indicate
the pH dependence for BET in RuP—SnO, is minor; 1, and t, increase slightly with increasing
pH, while 13 decreases slightly. Importantly, AAgew is nearly identical at each pH. On the
other hand, the RuP-TiO, samples show a well-defined dependence on pH when injection
yields are equivalent. The pH dependence for RuP-TiO; is completely manifested in the
largest time constant (t3)—t; and 1, remain constant for all three samples while 13 increases
from 8.5 pus to 12.5 pus when the pH is increased from 1 to 5. Additionally, the amplitude
contribution from the long time component for RuP-TiO, nearly doubles from 16% at pH 1
to 28% at pH 5, in stark contrast to the observations of RuP—SnO,, where no significant

change in AAy,w is observed in the same range.
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Figure 3.11: Transient absorption spectral changes of (A) RuP—SnO; and (B) RuP-TiO,
monitored at 400 nm following 532 nm excitation in pH 1, 3, and 5 aqueous HCIO4
solutions. The pulse energies were varied to obtain the same maximum AAbsorbance (within
+3 mOD).

Table 3.3: Kinetic parameters from fits to transient absorption data in Figure 4. Aex = 532
nm, Aops = 400 nm.

Pulse
Oxide pH Energy 1 (ns) 1, (ns) 73(ns) <1>(ns) AAgow”
m)J

RuP-Sn0O, | 1 (3.5) 30 +£3 310 %10 4000 +£180 3300 6.5 £0.5
RuP-SnO, | 3 3.8 50 £5 360 £15 3600 £200 3100 7.0 £0.5
RuP-SnO, | 5 4.2 50 £5 380 £20 3500 +£200 3000 7.5 £0.5
RuP-TiO, 1 3.5 50 £5 430 £10 8500 +£250 8000 16.0 £1.0
RuP-TiO, | 3 3.9 50 £5 430 £10 10000 +£200 9700 22.5+1.0
RuP-TiO, | 5 4.2 50 £5 430 £10 12500 +£200 12200 28.0 1.5

*Percent of the total signal remaining at 4 ps
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3.3.5. Electronic Coupling Studies

The effect of electronic coupling on the back electron transfer rates in RuP-SnO, was
evaluated by comparing recombination dynamics to those of RuCH,P-SnO,. The driving
force for electron injection is very similar yet the introduction of a —CH, spacer perturbs the
wavefunction overlap between the chromophore and metal oxide surface, reducing electronic
coupling.'® Figure 3.12 shows the kinetics of BET (Aobs = 400 nm) observed for RuP—SnO,
and RuCH,P—Sn0O, in pH 1 HClO,4, which are quite indistinguishable from each other; the
tri-exponential rate constants obtained for RuCH,P—-SnO; are within the experimental error
of those obtained for RuP-SnO, at both pH 1 and pH 5. Similar findings were previously

reported for RuP-TiO; and RuCH,P— TiO,.'%
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Figure 3.12: Transient absorption spectral changes of RuP-SnO, and RuCH,P-SnO,
monitored at 400 nm following 532 nm excitation (4mJ) in pH 1 aqueous HCIO4 solution.

3.3.6. Electrochemical Measurements
Cyclic voltammetry (CV) was performed on FTO electrodes coated with ~3.5 um
films of nanocrystalline SnO, and TiO; film to examine the change in distribution of sub-

band gap trap states as a function of pH. Figure 3.13 shows the cyclic voltammograms of
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bare, nanocrystalline SnO, and TiO, at various pH values. Current densities were estimated
from the 2D active area of the metal oxide electrode, as experimental limitations prevented
us from determining the exact surface area of the porous nanocrystalline thin films. As the
conduction band potential and intra-band-gap states undergo a Nernstian shift with pH, the
voltammogram window was adjusted —59 mV/pH unit.”'*! Of note, the SnO, CVs in Figure
3.13B are measured in potential ranges positive of the H, evolution potential, and we do not

see any contribution from H, evolution in the TiO, CVs.
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Figure 3.13: Cyclic voltammograms of A) TiO, and B) SnO, in various pH solutions of
HCIO4 containing 0.1 M NaClO4 as a supporting electrolyte. Scan rate: 20 mV/s.
E'(Ag/AgCl) = 0.209 V vs. NHE. Current densities were estimated from the 2D active areas
of the metal oxide electrodes.

In each cathodic scan, the current rises with a roughly exponential dependence on
potential. A significant increase in cathodic current is also observed upon changing from pH
5 to pH 1. The same general trend is seen for TiO, (Figure 3.13A). This increase in current is
attributed to an increased density of unoccupied trap states near the conduction band edge at
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low pH values. ™ It is worth noting that the shapes of the scans are more exponential for
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TiO, than SnO, The difference in shape has been studied previously, with shape deviation
from an exponential rise in current attributed to a lower capacitance.'™ A lower capacitance
for SnO, suggests a lesser ability to efficiently store charge, possibly due to a lower density
of unoccupied trap states. A monoenergetic peak at potentials positive of the exponential rise
is observed for TiO, samples measured at high pH (Figure 3.14). Observation of this peak is
very dependent on slide history. Others have also noted that this peak disappears as the film
ages or after several voltammograms have been measured on a film."*'®* A monoenergetic

peak is not observed for any of the SnO, films studied here.
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Figure 3.14: Cyclic voltammogram of TiO, in aqueous pH 7 solution with 100 mM NaClOs,.
Scan rate 20 mV/s.

3.4. Discussion

3.4.1. Correlating Recombination Dynamics with Metal Oxide Trap State Densities
The goal of this study was to investigate the recombination dynamics of RuP-TiO,
and RuP-SnO, systems and relate these dynamics to the intrinsic properties of the

semiconductor employed. Luminescence quenching and transient absorption experiments
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indicate efficient injection from photoexcited RuP into SnO, to form the charge separated
state Ru’ " P—SnO,(e"). Previous studies have shown similar results for RuP—TiO,.'°*!"" The
excited state oxidation potential for RuP (E(Ru®"*"") = —0.55 V vs. NHE) indicates the dye
is sufficiently reducing to inject into the CB of TiO; (~ —0.1 V vs NHE at pH 1)*°>'®* as

6 .. .
0, B 107108,186 T o injection

well as SnO, whose conduction band is ~0.4 V positive of Ti
yields are similar for the two materials, though it has previously been shown that the ultrafast
injection kinetics for related ruthenium chromophores are significantly faster for TiO, than
SnQO,. 187188 The difference has been attributed to the conduction band electronic structure;
the density of states in the d-type TiO, conduction band being almost 2 orders of magnitude
greater than that in the sp-type SnO, conduction band.*”"'®

The kinetics traces presented here show that BET occurs at a significantly faster rate
in RuP-SnO; films as compared to RuP-TiO,. Durrant and coworkers have reported
qualitatively similar observations for related ruthenium-sensitized TiO, and SnO; films in
acetonitrile solution, though in the non-aqueous study recombination rates were 2—3 orders of
magnitude faster for SnO, than TiO, (f;, = 800 ps (TiO:) and 4 ps (Sn0,)).'”” By
comparison, our results in aqueous conditions and at significantly higher irradiances indicate
recombination is about 2-3 times faster for SnO,. Differences between the solution and
electrolyte identities, as well as injection yields, likely give rise to the disparity.

Details of the electronic structure, transport, and recombination mechanisms of TiO,
and SnO; offer insight into differences in BET rates. While a full description of the density
of unoccupied acceptor states (DOS) in nanocrystalline, anatase TiO, films remains elusive,*

the model that has emerged from photochemical, electrochemical and spectroscopic

experiments indicates that TiO, has an exponential distribution of intra-band-gap states
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S ISLIS2I0 These bulk exponential trap states, often termed

below the conduction band edge.
‘shallow trap states’ or ‘band-gap states,” have been attributed to defects, vacancies, adsorbed
species and lattice alignment/mismatch which arise from high surface area and high density
of particle/particle interfaces in the nanocrystalline material, though their origin is not
completely understood. Like the conduction band, their redox energies exhibit a Nernstian
shift with pH.”>'®' The energies and densities of the exponential distribution of intra-band-
gap states for both TiO; and SnO, slides employed in this study were determined directly via
cyclic voltammetry measurements (Figure 3.13).

Additionally, in reported electrochemical experiments, a capacitance peak is often
observed for TiO, at an energy below the exponential distribution which is attributed to the

184,190-193

reversible filling of a monoenergetic band-gap state. Its position and the number of

184,190,192 -y - g -
7777 This characteristic peak in

trapped electrons are both found to be pH dependent.
nanocrystalline electrodes is not seen in single-crystal electrodes. These observations
together suggest that these monoenergetic traps are surface related and may arise from grain

184193 These trap states are often referred to as ‘deep surface trap states.” In cyclic

boundaries.
voltammograms measured as part of this work, a monoenergetic peak was observed for TiO,
films only at pH values greater than 5 (Figure 3.14).

Electrons residing in trap states are localized, and thus charge transport through TiO,
is believed to occur through thermal activation of trapped electrons to the CB or shallow trap
states (a trapping/detrapping model) and/or a hopping mechanism whereby the electron
moves directly between localized states.'”* Interfacial recombination is intimately related to

the method of transport, as trapped electrons must be thermally activated to the conduction

band or a shallow surface state by a detrapping mechanism in order to recombine with an
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oxidized dye. As a result, recombination dynamics are highly nonexponential and
dispersive.*>'%17

By comparison to TiO,, details regarding the electronic structure, transport, and
recombination mechanisms in SnO; offer insight to the enhanced rates of recombination. The
~400 mV positive shift in CB energy for SnO,, as compared to TiO,, decreases the driving
force for recombination with the oxidized surface chromophore (E°’ (Ru*"*)=1.33 V vs.
NHE).'®® The faster recombination rates in SnO, are consistent with Marcus inverted region
behavior, as has been seen in some driving force dependence studies where chromophore

45,97,101,195
d.

redox potentials are varie However, related experiments have shown contrary

329417 and coupling,'® suggesting that

results where BET is independent of driving force
recombination is rate-limited by electron transport within the metal oxide, not interfacial ET.
These data, along with our observation of identical BET rates for both RuP—SnO, and
RuCH,P-SnO,, inform us that the observed consistency with the Marcus inverted region
kinetics is coincidental.

Like TiO,, the conduction band of SnO; shifts —0.059 V per pH and an exponential
distribution of trap states, as well as deep monoenergetic surface states, lie below the
conduction band edge, though the density of states is significantly lower in SnO, (Figure
3.13).'"% The complex BET dynamics observed for sensitized SnO, by us and others'**'"!
suggest the recombination mechanism from shallow trap states is qualitatively similar to that
in TiO,. However, the resting potentials measured for our films at pH 1 are 0.15 V and 0.25
V vs. Ag/AgCl (0.359 and 0.459 V vs. NHE) for SnO; and TiO,, respectively, similar to

measurements reported for related ruthenium-sensitized SnO, and TiO; films in

acetonitrile.'””"” As such, the electron density of RuP—SnO, is much higher (and the resting
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potential much closer to the conduction band edge ~ +0.3 V vs NHE at pH 1) than in the
corresponding TiO; system (conduction band edge ~—0.1 V vs. NHE at pH 1), as illustrated
in Figure 3.15. Several recent reports have shown that progressive filling of TiO; and SnO,
exponential trap states via applied bias results in increased electron mobility and faster
recombination dynamics, underscoring the intricate relationship of electron density, electron
mobility and recombination rates.'’”'""*!®® Our observed recombination kinetics and the
reported electron mobility for SnO, (which is 2-3 orders of magnitude greater than that of
Ti0,)'*'% are consistent with these measurements. Given identical injection yields for
RuP-SnO; and RuP-TiO,, the comparatively higher resting potential of SnO, suggests the
injected electrons in SnO; occupy and are more concentrated in very shallow trap states,
while the injected electrons in TiO, are distributed among the many empty, available trap
states throughout the exponential tail of intra-band-gap localized states, as well as deep
surface states. As a result, injected electrons in SnO; have low activation energies for thermal
detrapping to the conduction band or shallow surface trap states, which leads to rapid BET

and high mobility.
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Figure 3.15: Comparison of the trap state distribution and resting potentials of SnO, and
TiO,. The orange shading indicates the concentration of injected electrons that occupy these
trap states, with darker orange corresponding to higher concentrations.

While the dispersive recombination kinetics observed in both TiO, and SnO; indicate

related mechanisms of recombination, recent reports from Hupp*'’ and Meng'”

suggest a
second recombination pathways may be present in sensitized SnO,—electrons trapped in
reactive, low-energy surface states may recombine directly with photosensitizers. These
surface states—which are thought to arise from incomplete or incorrect coordination of
Sn(IV) sites or dangling bonds on the nanoparticle surface'”—can be passivated by a thin
layer of Al,Os* or Ti0,'* to yield devices with improved performance. While deep, surface
trap states also exist for TiO,, it has been suggested they are not reactive enough to provide a
pathway for recombination.”**” Our results are consistent with this model; electrons trapped
in deep surface states of TiO, have high activation barriers to thermal detrapping or must
tunnel and these mechanisms are likely responsible for the large slow time component

(AAgow) observed.’””*°! Complete recombination occurs on the millisecond timescale for

RuP-TiO,. While we did not observe deep, surface trap states for SnO, directly in our cyclic
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voltammograms (and found no electrochemical observations in the literature) and these states
would likely be filled in the dark resting state, they could offer a second pathway for rapid
BET based on the reports above. Indeed, recombination is complete within hundreds of
microseconds for RuP-SnO, (Figure 3.9). This slow time component is critical in DSPEC
applications where additional electron transfer process occur after electron injection into the
metal oxide.

In summary, the differences in recombination dynamics observed for photoexcited
chromophore-derivatized TiO, and SnO; nanocrystalline films arise from the precise identity,
energetic distribution, and density of both shallow and surface trap states, as well as the

recombination pathways available from these states.

3.4.2 pH Dependence of Recombination Kinetics

BET kinetics for RuP—SnO, at constant pulse energy show an increase in
recombination rates at lower pH values. The trend is similar to the pH dependence previously
reported for RuP—TiO,, though less significant.'” In other related chromophore—metal oxide
systems, the pH dependence of recombination dynamics has been studied with conflicting
results, with evidence for both pH dependence and non-dependence reported.”'%-20%203
Many factors can give rise to an observed pH dependence in these systems. Importantly, in
these and related experiments, the injection yield for RuP-TiO; decreases from 1.0 at pH 1 to
0.7 at pH 5 at pulse energies of 4 mJ."'%'"" Since the BET dynamics are dependent on the
number of injected electrons, direct comparisons at different pH values are not
straightforward under these conditions. Furthermore, it has been noted that certain fitting
methods, including sums of exponentials, are more sensitive to the initial concentration of

charge separated species than other methods which utilize second order kinetics.”* Thus we
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turned to variable irradiance experiments wherein decreased pulse energies were used to
offset the increased injection yields at lower pH values. Under these conditions, the same
concentration of charge-separated species was obtained at pH 1, 3, and 5 at our earliest
observation time (10 ns; however an ultrafast time component for back electron transfer has

been reported”®*

). Under these variable irradiance conditions, the effects of pH can be
isolated from injection yield and the pH dependence can be related solely to differences in
the semiconductor electronic structure under the variable conditions. As seen in Figure 3.11,
a pH dependence is still observed for the BET dynamics of RuP-TiO, when injection yields
are equal, while BET dynamics of RuP-SnO, are nearly pH independent under the same
conditions.

As noted above, the conduction bands of both TiO, and SnO, display a Nernstian
dependence on pH, with the CB edge shifting =59 mV per pH unit.”> As faster recombination
rates are observed at lower pH, the differences are consistent with Marcus inverted region
kinetics. However, as discussed above, this explanation does not correlate with the rate-
limiting transport via detrapping and/or hopping mechanisms which are widely accepted for
describing back electron transfer in these systems.

We suggest that the pH dependence of the back electron transfer rates arises from pH-
specific identity and distribution of metal oxides trap states. As discussed above there are
both shallow trap states as well as deep surface states in TiO,, and the number, energies and
identity of these states vary with pH. Meyer and coworkers have suggested that faster back
electron transfer rates for RuP-TiO; at lower pH values are due to increased occupation of

shallow trap sites.!”® Our electrochemical measurements support the notion that the number
p pp

of shallow trap states available in TiO, (and SnO;) increases at lower pH values (Figure
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3.13). A microscopic explanation for the pH dependence of trap states density and identity is
the focus of current investigations. Upon photoexcitation, electrons are injected into the
conduction band of the metal oxide and are quickly trapped at these sub band gap localized
states. The initial probability of the injected electron occupying any localized trap state likely
mirrors the exponential distribution of these states, as the energetic distribution of intra-band-
gap states reflects an ensemble measurement for a nanocrystalline film, not a single
nanoparticle. Under the assumption of rate-limited trap site diffusion, relaxation to the lower
energy trap states is slow as electron mobility in TiO; is relatively low.'” BET, which
proceeds through similar mechanisms, competes with relaxation of trapped electrons. As
such, at low pH, the increased availability of shallow trap states means more electrons are
localized near the conduction band or shallow, reactive surface states where they have low

activation energies for BET (Figure 3.16).

TiO,

Potential (-)

DOS (+)

Sn0O,

Low pH High pH

s Resting Potential W |njected Electrons

Figure 3.16: Schematic comparing of the distribution of trap states and available
recombination pathways for RuP-SnO, and RuP-TiO, at low and high pH values. The
orange shading indicates the concentration of injected electrons that occupy these trap states,
with darker orange corresponding to higher concentrations.
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This pH dependence of shallow trap states is consistent with the pH dependent
recombination rates observed for RuP—TiO,. The higher resting potential of SnO, can explain
the near pH independence observed for RuP-SnO,. Because the resting potential is so close
to the conduction band edge for SnO,, deeper exponential trap states as well as surface states
are filled in the ‘dark’ resting state. This means that injected electrons are concentrated in
the shallow trap states near the band gap edge. Although our electrochemical measurements
of SnO; indicate the number of shallow trap states also increases at low pH values, the
overall density of these trap states is significantly lower than TiO, and only a subtle pH
dependence is observed.'”'°'®” These results are consistent with the observation that in
aqueous conditions, BET for RuP-TiO; films accelerates upon application of a negative bias
as trap states are filled and injected electrons are relegated to trap states nearer the
conduction band.'”’

Deep surface states also influence recombination kinetics. The low resting potential
of TiO, suggests some of these localized trap states are empty in the ‘dark’ resting state, and
a percentage of injected electrons will occupy these low energy states. As noted above, the
high activation barriers for thermal detrapping, or alternatively a tunneling pathway, from
these deep surface states corresponds to the slow time component of the BET kinetics.
Lindquist has shown that the number of these deep surface states in TiO, increases with
increasing pH, which is consistent with our electrochemical observations and correlates with
the larger AAqow Values observed at higher pH."”

By contrast, recombination from highly reactive, low-energy surface states in SnO,
may proceed via direct and rapid recombination with the oxidized chromophore, as discussed

47,196

above. Little has been reported about the pH dependency of these surface states, and we
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were unable to probe them directly in our electrochemical measurements. However, these
low energy states may be filled under ‘dark’ resting conditions and are thus not occupied by
injected electrons. Nevertheless, the presence of this rapid, direct recombination pathway
minimizes the need for surface trapped electrons to recombine via high activation barrier
pathways. As such, recombination kinetics in RuP-SnO, contain only a small, pH
independent AAy,w component which unlike TiO,, does not correspond to detrapping from
deep surface states.

In summary, the pH dependence of BET dynamics observed for RuP-TiO, and pH
independence observed for RuP—SnO; correlate with the pH dependence of the metal oxide

trap states, as well as the mechanism of recombination from these states.

3.5. Conclusion

We have demonstrated that the interfacial charge recombination dynamics of RuP—
SnO, and RuP-TiO; in aqueous conditions correlate with the electronic structure of the
nanocrystalline metal oxide films. Back electron transfer in RuP—SnO, is 2-3 times faster
than RuP-TiO,, qualitatively consistent with previous reports of related systems in non-
aqueous conditions.'” The rapid recombination kinetics in RuP—SnO, are consistent with the
reported high electron mobility and fast transport dynamics of SnO, all of which are based
on thermally activated electron trapping/detrapping dynamics. Rates of charge recombination
are also pH dependent in RuP-TiO; systems, with BET kinetics accelerating as the pH is
lowered. Conversely, rates of charge recombination in RuP-SnO, systems are nearly pH
independent. We suggest that the observed pH effects in RuP-TiO; are correlated with the

pH dependent trap state identity and distribution within the metal oxide nanoparticle
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matrices. While the trap state identity and distribution of SnO; is also pH dependent, the
comparatively high resting potential accounts for the nearly pH independent behavior
observed for RuP—SnQO; systems. Ultimately, while SnO, is an attractive semiconductor
material for DSPECs due to its low conduction band energy, the intrinsic electronic structure
promotes rapid interfacial charge recombination kinetics which could be detrimental to

device performance.
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CHAPTER 4. Photophysical Characterization of Porphyrin and Porphyrin-Ru(II)
Polypyridal Chromophore-Catalyst Assemblies on Mesoporous Metal Oxides

Reproduced from Nayak, A.; Knauf, R. R.; Hanson, K.; Alibabaei, L.; Concepcion, J. J.;
Ashford, D. L.; Dempsey, J. L.; Meyer, T. J. Synthesis and photophysical characterization of
porphyrin and porphyrin—Ru(II) polypyridyl chromophore—catalyst assemblies on
mesoporous metal oxides. Chem. Sci., 2014, 5, 3115 with permission from The Royal
Society of Chemistry.

4.1. Introduction

Dye-sensitized solar cells and photoelectrosynthesis cells provide viable strategies for
solar-to-electricity or solar-to-fuel conversion, respectively.’’** Central in both is excitation
and injection by surface-bound chromophores or chromophore—catalyst assemblies on
mesoporous, nanoparticle metal oxide surfaces. The use of organic chromophores is appealing
given their potentially low cost, high light absorptivities, and the ability to modify them
systematically by chemical synthesis. In terms of spectral coverage and excited and ground
state redox potentials, porphyrins, with high molar absorptivities in the visible spectrum, are

advantageous.””* "

They have been used routinely in DSSC applications but there are few
examples in DSPECs.*” 2!

In DSPEC applications, the heart of the device is a chromophore—catalyst assembly which
absorbs light and undergoes excited-state electron or hole injection followed by electron
transfer activation of the catalyst. We describe here the photophysical properties of a high-
potential, electron deficient porphyrin with phosphonate anchors. It is used to prepare
chromophore—catalyst assemblies on nanostructured, mesoporous metal oxides by a layer-by-

layer approach pioneered earlier for polypyridyl complexes of ruthenium.*'> ' Transient
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spectroscopic measurements provide direct evidence for excited-state electron injection from
the SnO,-bound porphyrin; in the chromophore—catalyst assembly, oxidation of the catalyst
via intra-assembly electron transfer follows.

4.2. Experimental

4.2.1. Materials

All reagents and solvents were obtained from either Sigma Aldrich or Fisher
Scientific and used without any purification. Inert atmosphere manipulations were carried out
under argon prepurified by passage through a drying tower (Linde 3-A molecular sieves).
Deuterated solvents CDCl; and CD;OD for NMR were obtained from Cambridge Isotope
Laboratories Inc. Nano-TiO,, ZrO; and SnO; films on top of FTO (fluorine doped tin-oxide)

coated glass were prepared according to previously published methods.'” Porphyrin

4.2.2. Chromophore and Catalyst Synthesis
5,15-Bis[4-(dihydroxyphosphoryl)phenyl]-10,20-bis(pentafluorophenyl)porphyrin

(1), Ru(2,6-bis(1-methylbenzimidazol-2-yl)pyridine)(4,4’-CH, PO3;H,bpy)-(OH,)*"  (2),

Zinc(I1)-5,15-bis[4-(Dihydroxyphosphoryl)phenyl]-10,20-bis(pentafluoropehenyl)porphyrin

(3), 5,15-Bis[4-(diethoxyphosphoryl)phenyl]-10,20-bis(pentafluoropehenyl)porphyrin (4),

and Zinc(I1)-5,15-bis[4-(Diethoxyphosphoryl)phenyl]-10,20-

bis(pentafluoropehenyl)porphyrin (5) were synthesized via literature procedures.***'®

4.2.3. Transient Absorption Spectroscopy
Nanosecond to microsecond transient absorption experiments were performed using a
commercially available laser flash photolysis system (Edinburgh Instruments, Inc., model

LP920). Laser excitation (425 nm, 5-7 ns FWHM, 3.8 + 0.1 mJ/pulse, 15mJ/cm’ unless
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stated otherwise) was provided by a pulsed Nd:YAG laser (Spectra-Physics, Inc., model
Quanta-Ray LAB-170-10) / OPO (VersaScan-MB) combination. To accommodate the
pulsed, 1 Hz intensification of the 450 W Xe probe source of the LP920, the laser system was
set such that the flashlamps were fired at 10 Hz yet Q-switched at 1 Hz. Timing of the
experiment, including laser and probe pulsing, as well as data collection was computer
controlled via Edinburgh software (L900) with the aid of a Tektronix oscilloscope (model
TDS-3032C). The LP920 white light probe output was passed through a 380 nm long pass
color filter before passing through the sample to minimize band gap excitation of SnO,. The
LP920 was equipped with a multi-grating detection monochromator outfitted with a
Hamamatsu R928 photomultiplier tube (PMT) in a non-cooled housing and a gated CCD
(Princeton Instruments, PI-MAX3) such that detection was software selectable. The gated
CCD was used for recording transient spectra of SnO,—3 and ZrO,—3 covering the visible
region (400-850 nm, 3 nm spectral bandwidth) at a given time after excitation (10 ns
gatewidth). Data were the result of averaging 100-200 laser shots. The transient spectral
data for complex SnO,—1, ZrO,—1, SnO,—1-Zr-2 and ZrO,—1-Zr-2 were generated from
kinetic traces measured with the PMT. Kinetics were taken every 5-10 nm, and were the
result of averaging 30-50 laser shots. Spectral data were analyzed using Igor Pro
(WaveMetrics Inc.) software. Data were collected at room temperature (295 + 3 K).
Derivatized MOy films were inserted diagonally into a 10 mm path length quartz cuvette
whose top had been adapted with a #15 o-ring sealing joint, sidearm, and Kontes
valve. After addition of solvent (0.1 M LiClOy in acetonitrile or aqueous 0.1 M HCIOy) to
the cuvette, the sample was sparged with argon for at least 45 minutes immediately prior to

experiments.
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4.2.4. Steady-State Emission

Emission data were collected at room temperature using an Edinburgh FLS920
spectrometer with luminescence first passing through a 450 nm long-pass color filter, then a
single grating (1800 I/mm, 500 nm blaze) Czerny-Turner monochromator (10 nm bandwidth)
and finally detected by a peltier-cooled Hamamatsu R2658P photomultiplier tube. Samples
were excited at 425 nm using light output from a housed 450 W Xe lamp / single grating
(1800 1/mm, 250 nm blaze) Czerny-Turner monochromator combination with 10 nm

bandwidth and a 375 nm long pass filter to avoid direct excitation of the metal oxide.

4.2.5. Time Resolved Emission

Time resolved emission dynamics were monitored using the FLS920’s time-
correlated single-photon counting capability (1024 channels; 1 ns per channel) with each data
set collecting a set number of counts. Excitation was provided by an Edinburgh EPL-445
picosecond pulsed diode laser (444.2 nm, 80 ps FWHM) operated at 20 MHz. . Derivatized
metal oxide samples were placed in a two piece cuvette and argon degassed as described for

the TA measurements.

4.2.6. Spectroelectrochemistry

Spectroelectrochemistry was carried out in in CH3CN (0.1 M ["BusN][PFs]) using a
honeycomb cell and Ag/AgCl nonaqueous reference electrode. Ferrocene was then used as
an internal standard (E°' (F¢™®) = + 630mV vs. NHE)." Inert atmosphere was maintained by
performing experiments in a nitrogen-filled glovebox. Linear staircase voltammetry was
used, with a 2 minute hold time and 100 mV step size. Absorbance spectra were measured at
each step. The data are reported as a difference spectra of the absorbance at the specified

potential minus the absorbance without a potential applied.
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4.2.7. Cyclic Voltammetry

Cyclic voltammetry of compounds 4 and 5 in solution was performed in CH,Cl, (0.1
M ["BusN][PFs]) using a 3-cell set up with a glassy carbon as working, nonaqueous
Ag/AgNO:s as reference and a Pt wire as counter electrode. Inert atmosphere was maintained
by purging argon through the solution for 2 minutes before scans. Ferrocene was used as an

internal standard (E°' (F¢"®) =+ 690 mV vs. NHE).

4.2.8. X-ray Photoelectron Spectroscopy (XPS)
XPS data was taken on a Kratos Axis Ultra DLD system equipped with a
monochromatic Al Ka x-ray source. The XPS chamber had a base pressure of ca. 5 x10” torr

and a pass energy of 20 eV was used for all high resolution scans.

4.3. Results and Discussion

Porphyrin derivatives used in this study, 1 and 3, are shown in Figure 4.1. They have
meso positions substituted with pentafluorophenyl groups and 4-phosphonated phenyl groups
for surface binding and assembly formation. Pentafluorophenyl substituents were added to
the porphyrin to shift the potential for the porphyrin™ couple sufficiently positive to drive
water  oxidation  catalysis. @ The  porphyrin = was  synthesized from  5-
pentafluorophenyldipyrrylmethane and 4-(diethoxyphosphoryl)benzaldehyde by an acid-
catalyzed condensation reaction. Synthesis and characterization of the water oxidation

catalyst 2 was previously reported.”'®
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Figure 4.1 A) Structures of porphyrin chromophores (1 and 3) and ruthenium water
oxidation catalyst (2). B) The layer-by-layer chromophore-catalyst assembly MO,—1-Zr-2.

Cyclic voltammetry of the free base porphyrin phosphonate ester 4 (Figure 4.2A)
exhibits reversible oxidation waves at E;,(P"/P) = 1.58 V and E,»(P*"/P") = 1.79 V vs NHE
in CH,Cl,. For the Zn(II) porphyrin phosphonate ester 5, a reversible oxidation wave appears

at Ei»(P"/P) = 1.31 V vs NHE (Figure 4.2B).
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Figure 4.2: A) Cyclic voltametry of free base 4 and B) Zn-porphyrin 5 in 0.1 M
["BusN][PFs] in CH,Clp. Scan rate = 100 mV/second. Ferrocene was used as an internal
standard (E°' (Fc"’ % =+ 690 mV vs. NHE).

Porphyrin loaded mesoporous, nanoparticle TiO,, SnO; and ZrO, films (nanoMO,,
~7 pm thick) on FTO coated glass substrates were prepared by soaking in a 1.2 mM solution
of 1 or 3 in 1:1 (Volume:Volume) CH,Cl,/Methanol. Binding of the porphyrin on metal oxide
surface was monitored by absorbance measurements with full surface coverage reached
within 1 hour of soaking (Figure 4.3) The adsorption isotherm is shown in Figure 4.4, with a
surface coverage of 6.3 x 10™ mole cm™ reached, comparable to typical phosphonated Ru(II)-

popypyridyl chromophores.*"
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Figure 4.3: Loading of TiO,—1 (~7 pum thick nanocrystalline TiO; film) from a 1.2 mM
solution of 1 in CH,Cl,/methanol (1:1) as a function of time.
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Figure 4.4: Adsorption isotherm of TiO,—1 in CH,Cly/methanol (1:1).
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Excited-state properties for both 1 and 3 were evaluated on nanoZrO,. Because of its
relatively high conduction band potential (~—1.5 V vs NHE), excited-state injection does not
occur into ZrO,, allowing the excited state properties of the surface-bound porphyrins to be
evaluated. ZrO,—1 fluoresces with vibronic components at 654 nm (1.89 eV) and 714 nm
(1.73 eV) and ZrO,-3 at 607 (2.04 e¢V) nm and 658 nm (1.88 e¢V) in CH3CN at room
temperature (Figure 4.5). From the intersection of the normalized absorption and emission
spectra for porphyrin phosphonate esters 4 and 5 in solution (Figure 4.6), Eqo values for the
emitting excited states were estimated to be 1.9 eV for 1 and 2.1 eV for 3. Based on these
values and the E;,(P'/P) values discussed above, singlet excited-state reduction potentials

were estimated to be E”(;/1x)= - 0.32 V and E%3 '3+ = - 0.79 V vs NHE. (Figure 4.7)
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Figure 4.5: Comparison of emission quenching of 1 and 3 loaded on SnO, and ZrO; in
CH3CN (0.1 M LiClOy).
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Figure 4.7: Ground and excited—state energy levels of 1 and 3 with comparison to the
conduction bands of TiO, and SnO, at pH 7.*
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When bound to nanoTiO;, fluorescence from 3 is quenched substantially (~80%)
relative to ZrO,—3 (Figure 4.8). This is in contrast to TiO,—1, for which negligible quenching
was observed. These observations are qualitatively consistent with the lower excited-state
potential for the free base porphyrin 1. However, when bound to SnO,, in which E,, is ~0.4
V more positive than E,; for TiO,,*' substantial emission quenching was observed for both
SnO>—-1 and SnO,-3 (Figure 4.5), consistent with electron injection into SnO, from the

porphyrin excited state(s).
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Figure 4.8: Comparison of emission quenching 1 and 3 loaded on TiO, and ZrO, in CH3CN
(0.1 M LiClOy).

Transient absorption difference spectra for SnO,—3 at various delay intervals
following 425 nm excitation in CH3;CN, (Figure 4.9A) revealed three principal features. At
the earliest observation time (25 ns), a new absorption feature at Ama.x = 464 nm, a bleach
from loss of the ground state Q-band absorption at 555 nm, and a broad absorption feature
from 600—750 nm appear. These new spectral features, which decay with t;, ~ 2 us, closely
match those of the radical cation 5 (Figure 4.9B), consistent with excitation and injection
(Equation 4.1a). They are noticeably different from spectral changes observed for ZrO,-3

following 425 nm excitation (Figure 4.9C). In the transient spectrum for ZrO,—3, an intense
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feature appears at Amax = 467 nm, characteristic of the porphyrin triplet excited state which
decays with t;» ~ 40 ps. No transient absorption features were observed from 600-750 nm.
When combined with the results of the luminescence quenching measurements, there is clear
evidence for efficient electron injection by 3" into SnO, to form the surface redox-separated

222 Because of the

state SnO,(¢ )-3" followed by back electron transfer (Equation 4.1b).
similarities of the porphyrin cation and triplet absorptions near 465 nm, we cannot
definitively rule out a contribution from the triplet state absorption in the SnO,—3 spectrum.

On ZrO,, initial excitation to give the singlet is followed by rapid intersystem crossing and

decay of the triplet excited state (Equation 4.2).

AmOD

armuw
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AAbsorbance
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Figure 4.9: A) Time dependent transient absorption difference spectra for SnO,—3 following
425 nm excitation in CH3;CN (0.1 M LiClO4). B) P'—P absorption difference spectra for 5 in
in MeCN (0.1 M ["BuN][PF¢]) as a function of applied potential as determined via a
spectroelectrochemical titration. Potentials referenced vs. Ag/AgCl. C) Time dependent
transient absorption difference spectra for ZrO,—3 in CH3CN (0.1 M LiClQy) after excitation
at 425nm.
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SnO»-P — s Sn0,-'(P*) — Sn0,(¢)-P* (4.1a)

SnO,(e)-P" — SnO,-P (4.1b)

Z10y-P —— 710,-'(P*) — ZrO,-'(P*) 4.2)

Transient absorption difference spectra for SnO,—1 following 425nm excitation in
CH;CN are shown in Figure 4.10A. The spectra are overall more complex than those for
SnO»-3, but have the same 3 characteristic features, including a new transient feature at Amax
=460 nm, bleaching of the Q-band absorptions from 495-590 nm, and a new, broad transient
feature from 600—750 nm. These new features match those of the radical cation 4™ (Figure
4.10C). These transient features are distinctly different from those of the porphyrin triplet
(Figure 4.10B), which is characterized by a strong absorption with Amax < 450nm, and broad,
weak absorbances throughout the visible. It is worth noting that after 9 ps, the only
remaining absorbance features in the SnO,—1 transient absorption spectrum are those of the
free base porphyrin triplet. Based on these results, intersystem crossing to the triplet excited
state (Equation 4.2) competes with electron injection from the singlet excited state (Equation
4.1a). These results are consistent with similar porphyrin system which have been shown to
undergo excited—state electron injection into SnO, via time-resolved terahertz spectroscopy.”

A detailed analysis of these photophysics is currently under investigation.
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Figure 4.10: A) Time dependent transient absorption difference spectra for SnO>—1
following 425 nm excitation in CH3;CN (0.1 M LiClO4). B) Time dependent transient
absorption difference spectra for ZrO,—1 following 425 nm excitation in CH3;CN (0.1 M
LiClOy). C) P"—P absorption difference spectra for 4 in MeCN (0.1 M ["BusN][PF4]) at 1.7 V
vs. NHE as determined via a spectroelectrochemical titration.
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Figure. 4.11 A) Time-dependent transient absorption difference spectra for SnO,—1 and B)
ZrO>—1 in aqueous 0.1 M HCIOy after excitation at 425nm.
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Transient absorption measurements for SnO,—1 were also conducted in aqueous 0.1
M HCIO; solutions (Figure 4.11A) and the absorption features of the triplet excited state of 1
were characterized on nanoZrO, (Figure 4.11B). As with the transient absorption spectra for
SnO,—1 in CH3CN, absorbance contributions from both the oxidized porphyrin and the triplet
excited state are observed. In fact, at 1 ps the transient spectrum is strongly dominated by the
porphyrin triplet absorbance. Nonetheless, the differences in the early time spectra indicate
the presence of the porphyrin cation, including a transient absorption feature at 465 nm,
bleaching of the Q-band absorptions from 500600 nm, and a broad absorption from 600—
750 nm. These differences are clearly illustrated by subtracting the SnO,—1 and ZrO>—1
transient absorption spectra at 10 ns (Figure 4.12). Appearance of the oxidized porphyrin
suggests excited-state injection occurs in competition with intersystem crossing to form the

porphyrin triplet excited state under these conditions.

Sn0O,-1 minus ZrO,-1 at 10ns

AmOD

| | | | | |
500 550 600 650 700 750
Wavelength (nm)

Figure 4.12: Subtraction of ZrO,—1 TA spectrum at 10 ns (scaled) from SnO,-1 TA
spectrum at 10 ns, illustrating the formation of 1" in aqueous 0.1 M HCIO,.
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Molecular assemblies were prepared on nanoMO, surfaces by a ‘layer-by-layer’

deposition strategy described previously.?'>2!72%

In the layer-by-layer procedure, Zr(IV) (as
ZrOCly) is added to the distal -POsH, functional group on the surface-bound porphyrin. A
second phosphonate-derivatized chromophore or catalyst is then bound to the Zr(IV) linker
forming the surface-bound assembly. While co-adsorbed systems of chromophores and
catalysts on metal oxide surfaces have been previously studied, chromophore-catalyst
assemblies which position the catalyst distal to the surface are desirable. This design strategy
attenuates back electron transfer from the reduced metal oxide surface to the oxidized
catalyst. Preparation of covalently bound chromohore-catalyst assemblies is challenging as

they require rigorous synthetic procedures which often have low synthetic yields.**'**** Th

e
layer-by-layer deposition strategy described in this paper bypasses extensive synthesis by
forming chromohore-catalyst assemblies on surface from individual -catalyst and
chromophore components.

The layer-by-layer procedure was applied to the preparation of a chromophore—
catalyst assembly. In these experiments, SnO, slides were dipped sequentially into solutions
of 1 (1.2 mM in MeOH), ZrOCl,; (5 mM in 0.1 M HCIO,), and 2 (350 mM in MeOH)
successively for 4 h in each solution. The resulting structure is illustrated in Figure 1B.
Assembly growth was monitored by absorbance measurements (Figure 4.13). The large
absorbance change observed with the Zr(IV) linker and added catalyst as the third layer is
due to assembly formation and not displacement of the porphyrin by the catalyst. This was
demonstrated by dipping a pre-loaded SnO,—1 (Figure 4.13) slide into a solution of 2, and

measuring the absorbance after a 30 min soaking period. Based on the absorbance increase at

500 nm, a A,y for the Ru(Il) complex, co-deposition of 2 on the surface of 1 was < 15% of
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the initial porphyrin loading. Over extended periods, further changes in the absorption
spectrum were observed consistent with slow displacement of the porphyrin from the surface
by the catalyst.

By contrast, after dipping the porphyrin-loaded slide in a ZrOCl,-containing solution
followed by catalyst 2, a near doubling of the absorbance at 500 nm was observed consistent
with formation of a 1:1 chromophore:catalyst adduct on the surface and formation of the
SnO,—1-Zr-2 assembly (Figure 4.13). Additional support for the formulation of the
stoichiometric assembly was obtained by XPS. Analysis of the XPS data demonstrated a 4:1
ratio of Phosphorus to Ruthenium and an 11:1 ratio of Nitrogen to Ruthenium, both

consistent with the proposed 1:1 chromophore—catalyst ratio (Table 4.1).
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Figure. 4.13 UV-visible spectrum of the layer-by-layer chromophore—catalyst assembly
SnO,—1-7Zr-2 in CH3;CN.

Table 4.1: X-ray photoelectron spectroscopy (XPS) of TiO,—1-Zr-2

N/Ru ratio P/Ru ratio F/Ru ratio
TiOy1-Zr-2 11.7 4.1 13.8'
'Deviations from ideal may be due to fluorine contributions from PF4 anion and FTO.
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Transient absorption difference spectra for SnO,—1-Zr-2 in aqueous 0.1 M HCIO;, at
a series of delay intervals following excitation at 425 nm are shown in Figure 4.14A. At the
earliest observation time (10 ns), a bleach appears at Amax = 470 nm consistent with loss of
the MLCT absorption of complex 2. Rapid appearance of the bleach is consistent with
excitation of the porphyrin, excited-state injection, and rapid intra-assembly electron transfer
between the porphyrin radical cation and Ru(Il) catalyst (Equation 4.3a). Although a
competitive light absorber, the catalyst MLCT excited state is short-lived (< 10 ns) and
presumably does not contribute to the injection/electron transfer sequence.”'’
Sn0,-1-Zr(IV)-Ru"-OH,> —2— Sn0,-'(1*)-Zr(IV)-Ru"-OH,* " —Sn0,(e")-1*-Zr-Ru"-OH,*"
—  SnO(¢)-1-Zr-Ru™-OH,*" (4.3a)
Sn0,(¢)-1-Zr-Ru™-OH,*" — Sn0,-1-Zr-Ru"-OH,*" (4.3b)
By contrast, in the transient absorption difference spectra measured for ZrO,—1-Zr-2
(Figure 4.14B), there is no evidence for the MLCT bleach and the signature absorption
features of the porphyrin triplet excited state dominate the spectra. Although a detailed
analysis of the photophysical data is currently under investigation, there is clearly a
contribution of the triplet excited state in the SnO,—1-Zr—2 difference spectra (Figure 4.14A)
indicating competition between injection/catalyst oxidation (Equation 4.3) and triplet
formation/decay (Equation 4.4).
Sn0,-1-Zr(IV)-Ru"-OH,*" —2 s Sn0,-'(1*)-Zr-Ru"-OH,*" — Sn0,->(1*)-Zr-Ru"-OH,*"

— Sn0»-1-Zr(IV)-Ru"-OH,*" (4.4)
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Figure. 4.14 Time-dependent transient absorption difference spectra for A) SnO,—1-Zr-2,
and B) ZrO,—1-Zr-2 in in aqueous 0.1 M in HCIO, following excitation at 425nm.

4.4. Conclusion

We demonstrate here the first application of a layer-by-layer procedure for the
construction of antenna and chromophore—catalyst assemblies on mesoporous, nanoparticle
metal oxide films with phosphonate-derivatized porphyrins. The generality and simplicity of
this layer-by-layer procedure make it especially appealing with general application to
porphyrins, metal complexes, and organic chromophores. Initial photophysical measurements
reveal excited-state electron injection into SnO for both 1 and 3 with the ability of the
photoproduced oxidized porphyrin 17 to transfer the oxidative equivalent to the catalyst. It is
clear that this is a promising approach for the preparation of a family of surface-bound

assemblies for possible use in device applications.
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CHAPTER 5. Charge Recombination Dynamics in Sensitized SnO,/TiO; Core/Shell
Photoanodes

Reprinted with permission from Knauf, R. R.; Kalanyan, B.; Parsons, G. N.; Dempsey, J. L.
Charge Recombination Dynamics in Sensitized SnO,/TiO, Photoanodes. J. Phys. Chem. C
2015, 7719 (51), 28353-28360. Copyright 2015 American Chemical Society

5.1. Introduction

Technologies such as  dye-sensitized solar cells and dye-sensitized
photoelectrosynthesis cells provide viable strategies for solar energy conversion.**>%
Essential to both device architectures are surface-bound chromophores which absorb visible
light and inject electrons into the conduction band of a mesoporous metal oxide
semiconductor. For DSPEC devices, long-lived charge separation is crucial for carrying out
multi-electron, multi-proton fuel formation reactions. As such, minimizing detrimental
charge recombination (back electron transfer) is key in fabricating operative and efficient
DSPEC devices.

Several strategies have been developed to slow the rates of BET in metal oxide-

. . : 25,48,115,116 - :
chromophore systems, including the use of long molecular linkers,”"™" > "° incorporation of

30,31,117-119
donor-acceptor chromophores,’**"'"”

and implementation of core/shell metal oxide
electrode structures.*’”'**'**"'2” Core/shell structures, where the conduction band potential of
the shell is more negative than the core, allow for an energetically uninhibited electron
injection while providing a significant barrier for BET from core-localized electrons. The use
of atomic layer deposition (ALD) to construct core/shell metal oxide structures has been

47,120,124

shown to increase DSSC device efficiencies and to help achieve water splitting in
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DSPEC devices.®® Although it has been proposed that the observed performance
enhancement for core/shell systems is due to a decreased BET rate, the interfacial electron
transfer dynamics of these emerging core/shell materials have not been directly quantified
and detailed mechanisms remain unclear.'**'?” In response, we sought to reveal how BET
dynamics and shell thickness are correlated and elucidate charge recombination pathways in
these materials.

In this study, we use transient absorption spectroscopy to quantify the kinetics of back
electron transfer between injected electrons and oxidized surface-bound ruthenium
polypyridyl chromophores for SnO,/TiO, core/shell systems with varying TiO, shell
thicknesses. Both amorphous and crystalline TiO, shells on nanocrystalline SnO; films were
investigated to identify the charge recombination pathways controlling BET rates. We reveal
that when the injected electrons localize in the core, shells of amorphous TiO, act as a
tunneling barrier for charge recombination and BET is attenuated with the anticipated

225,226
= However, as these shells

distance dependence as predicted by electron tunneling theory.
become thicker, an increasingly large fraction of the injected electrons remain localized in
the shell and direct recombination from these states ensues. The relative contribution of each
mechanism is dependent on the TiO, shell thickness. By contrast, when the films are
annealed to produce crystalline TiO; shells, the BET dynamics display no dependence on
TiO, shell thickness apart from an initial surface passivation, suggesting the core/shell
interface is perturbed in the annealing process. Together, these results reveal that 1) there is

an ideal shell thickness for optimizing BET rates in dye-sensitized core/shell films and 2)

localization of injected electrons in the core materials is sensitive to the core/shell interface.
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5.2. Experimental

5.2.1. Nanocrystalline SnO; and ZrQO; Film Fabrication

SnO, and ZrO, nanoparticle films were prepared via previously published
procedures.''®*** SnO, and ZrO, nanoparticle films were 3.2 um and 1.4 pm thick,
respectively. The SnO, and ZrO; nanoparticles employed were approximately 15 nm and 10
nm in diameter, respectively.
5.2.2. Atomic Layer Deposition of TiO, Shells

Atomic layer deposition was conducted in a custom-built, hot walled, flow tube
reactor described previously.””” Reactant precursor gases, including TiCly (99%, Strem
Chemicals) and reagent grade water (Ricca Chemicals) were delivered to the reactor though
heated gas lines using nitrogen carrier flow (99.999% purity, National Welders) further
purified (Entegris Gate-Keeper) to reduce water contamination. The reactor was configured
with gate valves to isolate the deposition zone, allowing the deposition substrate to receive
extended exposure or “hold” steps to promote precursor diffusion throughout the inorganic
oxide nanoparticle films.**® Deposition was performed at 120 °C. Precursor gas flow timing
was controlled electronically by a LabVIEW sequencer to achieve dose/hold/purge steps of

0.3/60/180 seconds, respectively, for the TiCl, and water reactants.

5.2.3. Chromophore Synthesis
[Ru(bpy)a(4,4'-(POsH,),bpy)]*" (RuP) was prepared by previously reported

methods.*

5.2.4. Surface Loading of SnO,/TiO,-RuP Films

For this study, all films were fully loaded with the RuP chromophore. Sensitizers
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were anchored to the SnO,/TiO, core/shell films by soaking overnight in 0.1 M HCIO4
aqueous solutions containing RuP (1x10” — 2x10™* M). Slides were then soaked for 4 hours
in aqueous 0.1 M HClO, solution to remove excess unanchored chromophores. Absorbance
measurements of the films were performed using a Cary 60 UV-vis absorbance

spectrophotometer.

5.2.5. Powder X-ray Diffraction

Powder X-ray diffraction (pXRD) was performed using a Rigaku Multiflex (CuKa,
40 kV, 40 mA) from 15° to 70° 20 with a scan rate of 1° 20/min.
5.2.6. Transmission Electron Microscopy

Transmission Electron Microscopy (TEM) analysis was performed on JEOL 2010F

FasTEM using an accelerating voltage of 200 kV.

5.2.6. Transient Absorption Spectroscopy

Transient absorption experiments were performed as described previously.*® Briefly,
measurements were performed using a commercial laser flash photolysis system (Edinburgh
Instruments, Inc., model LP920) with laser excitation (470 nm, 7 ns FWHM, 3.8 mJ/pulse
unless stated otherwise) provided by a pulsed Nd:YAG laser (Spectra-Physics, Inc., model
Quanta-Ray LAB-170-10) / OPO (VersaScan-MB) combination. Single wavelength transient
absorption kinetics were monitored using a multi-grating detection monochromator outfitted
with a Hamamatsu R928 photomultiplier tube (50 averages, bandwidth <5nm). The LP920
white light probe output was passed through a 380 nm long pass color filter before passing
through the sample to minimize band gap excitation of the metal oxide. Kinetic data were

analyzed using Igor Pro (WaveMetrics Inc.).
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5.3. Results

5.3.1. Characterization of SnO,/TiO; Films

Conformal shells of TiO, were deposited on nanocrystalline SnO, and ZrO, films via
ALD. Samples with varying TiO; shell thicknesses were obtained by altering the number of
ALD cycles performed on the substrates. Previous studies have shown that similar process
conditions lead to 0.6 A of TiO, for each ALD cycle,"’ further confirmed here using
ellipsometry on planar silicon coated simultaneously with the porous oxide substrates. To
investigate the effects of annealing, some SnO,/TiO, films were annealed in air at 450 °C for
30 minutes.

Due to the low deposition temperature, the as-deposited TiO, shells are

229,230
amorphous.”™”

The powder X-ray diffraction spectrum from an as-deposited SnO,/TiO,
sample (7.1 nm TiO, shells) is dominated by peaks corresponding to the rutile SnO, core and
FTO background, and show no perceivable difference from the SnO, films without TiO,

d.”'*? However, upon annealing at 450 °C, the diffraction spectrum (Figure 5.1)

deposite
exhibits new peaks corresponding to anatase TiO, along with peaks of smaller intensity
corresponding to rutile TiO,, indicating the annealing process leads to crystalline TiOs,

consistent with previous reports of ALD-deposited TiO, on planar substrates.”” TEM images

indicate the conformal shell coating is maintained during the annealing process (Figure 5.2).
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Figure 5.1: Powder XRD spectra of SnO,/TiO; core/shell films with TiO, thickness of 7.1
nm as deposited (red, amorphous) and after annealing at 450° C (blue, annealed). The inset
depicts the difference in intensity between these traces, with new peaks corresponding to
anatase and rutile TiO».

il

Figure 5.2: TEM images of SnO, nanoparticles with 2.9 nm shells of TiO, A) as deposited
and B) after annealing at 450 °C. Conformal shell coating is observed in both samples.
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The SnO,/TiO; and ZrO,/TiO; core/shell films were loaded with the phosphonate-
functionalized ruthenium chromophore [Ru(bpy)2(4,4-(POsH:)bpy)]*" (RuP, bpy = 2,2'-
bipyridine; 4,4'-(POsH,)bpy = 4,4'-bis(methylphosphonic acid)-2,2"-bipyridine). Dye loading
was quantified via absorption measurements of films.*** Although the absorbance appears to
increase with TiO, thickness, scattering and background TiO, absorbance also increase, as
evidenced by the net background absorbance increase observed across the spectra (Figure
5.3). When discounting these contributions, we determined that loading decreases slightly
with increasing the shell thickness, consistent with a reduction in surface area that
accompanies the increase in particle diameter upon conformal ALD. There were no apparent
differences in dye loading between the amorphous and annealed films, however the dye
loading for the ZrO,/TiO, was slightly less than half that of the SnO»/TiO; films (Figure 5.3).
This is consistent with the thinner ZrO, particle layers (1.4 um) as compared to the SnO,

layers (3.2 um). The core particle sizes are roughly 15 nm and 10 nm for SnO, and ZrO,,

respectively.
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Figure 5.3: Absorption spectra of RuP-sensitized SnO,/TiO, and ZrO,/TiO, core/shell films
in 0.1 M aqueous HCIO4 with varying TiO; shell thickness.
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5.3.2. Interfacial Charge Recombination Dynamics in Amorphous Films
Single-wavelength transient absorption (TA) measurements were utilized to monitor
the charge recombination dynamics of the RuP-derivatized core/shell films. Kinetics analyses
were carried out on traces recorded at the RuP ground-state/excited-state isosbestic point
(Aobs = 400 nm), allowing the oxidized chromophore to be monitored without convolution

7 The recombination dynamics for the SnO,/TiO,~RuP

from excited-state dynamics.
systems are complex and span a range of timescales. Related studies have used a variety of
models to fit these kinetics, including equal concentration second-order kinetics, stretched

222 . .
HITITOITEIS0222 1y order to obtain a single

exponential fits, and triexponential functions.
metric to compare recombination kinetics across and range of TiO, thicknesses, we

characterized the BET dynamics by the 1), parameter, the time at which the signal has

decreased to half of its original amplitude.
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Figure 5.4. Normalized transient absorption kinetics of SnO,/TiO,—RuP monitored at 400
nm in aqueous 0.1M HCIOy, at various TiO; thicknesses (Aex =470 nm, 3.8 mJ/pulse).

Kinetics traces for the amorphous SnO,/TiO,—RuP samples are shown in Figure 5.4.

At equal pulse energies, the injection yields decrease with increasing shell thickness; to aid in
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visual comparison, the bleach magnitude has been normalized. For the bare SnO; films, a 1/,
of 39 ns is observed, consistent with previous measurements.”** As the shell thickness is
increased from 0 to 2.9 nm, the recombination time increases by three orders of magnitude to
28 us (Table 5.1). However, as the amorphous TiO; shells thickness exceeds 2.9 nm,
recombination begins to accelerate (Figure 5.4). For the thickest TiO; shells examined (> 6.2

nm), T;,; levels and the recombination dynamics become shell thickness independent.

Table 5.1: Bleach Magnitudes and 1, Values for Amorphous SnO,/TiO; Films

Equal Pulse Energy (3.8 mJ/pulse) Equal Injection (mAOD = 40)
TiO, Thickness a Bleach Magnitude
(nm) T2 (ps) (AmOD)* 712 (us)*  |[Pulse Energy (mlJ)®

0 0.039 68 0.031 2.6
0.4 0.106 74 0.125 2.2
0.5 0.152 70 0.175 2.4
0.7 0.241 73 0.320 23
0.8 0.349 73 0.450 23

1.1 0.616 62 0.691 3.4

1.6 2.045 48 1.321 4.2

1.9 6.790 40 2.784 54
2.3 13.674 33 5.000 5.9
2.9 27.536 29 8.332 6.7
34 12.992 38 11.360 43
3.8 9.853 36 6.976 4.4
4.7 5.999 38 4.770 4.2
6.2 4.000 43 4.356 3.8
7.1 4.208 37 3.908 4.0

" Values are the average of 3 measurements
P Measured at the first observation point (10 ns)

As noted above, injection yields decrease with shell thickness as determined by the
magnitude of the bleach at the earliest observation point recorded (ca. 10 ns). This likely
arises in part to the decrease in surface coverage with increasing shell thickness (see above),

though contributions from ultrafast back electron transfer processes that are shell-thickness
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dependent are also possible. As BET dynamics have been shown to depend on the density of

100,103,170,222
we also performed

injected electrons in metal oxide-chromophore systems,
experiments with varied excitation pulse energy in order to achieve equivalent injection
yields at the first observation timepoint (Figure 5.5). With equal injection yields, the 11,
values also increase with TiO, thickness up to 3.4 nm then decrease, very similar to the
trends observed with equal excitation pulse energies (Table 5.1). Subtle differences between
the two data sets—including the SnO,-only BET rates and specific shell thickness with the
longest charge separation—arise solely from differences in excitation pulse energies. These
experiments confirm that the decrease in BET rate with increased TiO, shell thickness results
from factors other than the diminished injection yields. Analysis was performed for both
equal injection and equal pulse energy experiments and yielded very similar results. We

choose to focus on the equal injection yields experiment for further discussion, consistent

with previous work in Chapter 3.*
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Figure 5.5. Transient absorption kinetics of SnO,/TiO,-RuP at 400 nm in aqueous 0.1 M
HCIO, at various TiO, thicknesses. Pulse energies are varied to obtain the same AOD at 10
ns. (Aex =470 nm).
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Figure 5.6: Transient absorption kinetics of as deposited ZrO,/TiO,—RuP at 400 nm in

aqueous 0.1M HCIO, at various amorphous TiO; thicknesses. Pulse energies are varied to
obtain the same AOD at the first observation point, 10 ns (Aex = 470 nm).

Kinetics of BET were also recorded for sensitized ZrO,/TiO, core/shell films, which
served as control samples. The conduction band potential of the ZrO, coreis ca. 1.5 V vs.
NHE, 0.9 V more positive than the conduction band of Ti0,.**" As such, electrons inject into
the TiO; shell, but cannot localize in the ZrO, core. These control samples allow us to isolate
the recombination dynamics of electrons localized in the TiO, shell. For as deposited
ZrO,/TiO; structures, the TA spectra recorded at equal injection yield (Figure 5.6, Table 5.2)
showed an increase in t» from 102 ns to 4 ps as the TiO; shell thickness increases from 0.4
nm to 6.8 nm. As shell thickness is increased further, 1)/, plateaus. As expected, no injection
is observed for sensitized ZrO, nanoparticles without TiO; shells. Similar observations have
been made by Meyer and coworkers and attributed to an enhanced density of TiO, states with
increasing TiO, shell thickness.'”” A higher density of shell acceptor states is expected to
slow the rate of BET if recombination of injected electrons occurs via a trapping/detrapping
mechanism.*"'*#*2** Notably, for ZrO»/TiO, and SnO,/TiO, core/shell samples with shell

113



thicknesses greater than 6 nm, the 1, values for BET converge, suggesting recombination
proceeds by a similar mechanism in thick-shelled samples (see below).

Table 5.2: Pulse Energies and 11, Values for Amorphous and Annealed ZrO,/TiO, Films
(Equal Injection)

Amorphous (Fig. 5.6) Annealed (Fig. 5.10)

TiO, Thickness a a a a
(nm) T1/2 (US) Pulse Energy (mlJ) T1/2 (US) Pulse Energy (mlJ)

0 — 3.8 — 3.8

0.4 0.102 43 0.120 4.0

0.8 0.105 4.2 0.125 4.0

1.2 0.115 3.8 0.155 3.8

2.1 0.171 3.2 0.261 3.0

2.5 0.233 3.0 0.314 2.5

4.6 2.60 2.8 0.541 2.4

5.5 3.70 3.6 0.559 2.9

6.8 4.05 4.2 0.621 4.0

" Values are the average of 3 measurements

For the ZrO,/TiO, structures, experiments at equal pulse energies were also
performed (Figure 5.7). In these experiments the magnitude of the bleach at 400 nm
increased dramatically with increased TiO, thickness, likely due to the increased number of
acceptor states in the shell. For this reason the equal injection data for ZrO,/TiO, films was

used for analysis.

0
210 4
= 0 nm
[m]
o -20 == 0.4 nm
g 0.8 nm
== 1.2 nm
-30 1 — 2.1 nm
- 2.5 nm
= 4.6 nm
-40 - — 5.5nm

T T T T T
10° 107 10° 107 10"
Time (s)
Figure 5.7: TA kinetics amorphous ZrO,/TiO,—RuP at 400 nm in aqueous 0.1M HCIlO;, at
various TiO; thicknesses. Pulse energies 3.8 mJ for all TiO, thicknesses (Aex = 470 nm).
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5.3.3. Interfacial Charge Recombination Dynamics in Annealed Films

BET dynamics were also investigated for SnO»/TiO, and ZrO,/TiO; films that had
been annealed at 450 °C for 30 minutes prior to dye sensitization. Kinetics traces for the
charge recombination in annealed SnO,/TiO,—RuP systems with equal excitation pulse
energies are shown in Figure 5.8. As the shell thickness increases from 0 to 0.5 nm, 1),
increases by roughly one order of magnitude compared to bare SnO,. However, there is no
significant change in the recombination dynamics as the TiO, shell thickness is increased
beyond 0.5 nm. This observation is in stark contrast to the trend observed for core/shell
samples with amorphous TiO; shells. Additionally, the amplitude of the bleach at 400 nm
does not change dramatically with increased TiO, thickness, indicating roughly equal

injection yields are obtained at equal pulse energy (Figure 5.9, Table 5.3).
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Figure 5.8: Normalized transient absorption kinetics of SnO,/TiO,-RuP at 400 nm in
aqueous 0.1M HCIOy at various TiO, thicknesses after annealing at 450 °C (Aex = 470 nm,
3.8 mJ/pulse).
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Figure 5.9: Transient absorption kinetics traces of SnO,/TiO>—RuP at 400 nm in aqueous
0.IM HCIO4 at various TiO, thicknesses after annealing at 450 °C (Aex = 470 nm, 3.8

mlJ/pulse).

Table 5.3: Bleach Magnitudes and Tt;, Values for

Annealed SnO,/Ti0, Films

Equal Pulse Energy (3.8 mJ/pulse)
TiO, Thickness (nm) T1/2 (1S) Bleazzrl:l/lglgsr;uude
0 0.030 71
0.2 0.066 67
0.3 0.094 67
0.4 0.139 67
0.5 0.205 65
0.7 0.214 67
0.8 0.197 69
1.1 0.254 60
1.6 0.180 62
1.9 0.195 64
2.3 0.179 59
2.9 0.251 66
34 0.227 60
4.7 0.276 66
6.2 0.308 68
7.1 0.346 62
" Measured at the first observation point (10 ns)
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For comparison, kinetic traces for annealed ZrO,/TiO, films performed with equal
injection yields are shown in Figure 5.10. For these control samples, the 11, of BET increases
with increasing film thickness from 120 ns at 0.4 nm to 620 ns at 6.8 nm (Table 5.2). The
attenuation of recombination rates is much smaller than what is observed for the amorphous

shells and is attributed to the lower density of trap states and better electron transport in the

234

crystalline material compared to the amorphous TiO,.

Figure 5.10: Transient absorption kinetics of annealed ZrO,/TiO,—RuP at 400 nm in aqueous
0.1M HCIOy at various TiO; thicknesses. Pulse energies are varied to obtain the same AOD
at the first observation point (Aex =470 nm).
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5.4. Discussion

5.4.1. Correlating Recombination Dynamics with Metal Oxide Shell Thicknesses

CB
€2

CB

3
9: A Ru3+/Ru2+
4"

\

RN \X 1

N b hv

Rt EE—
Shell Ru3*/Ru?*
SnoO, VB
Core Light Excitation
e”injection into TiO, shell
VB

e transfer into SnO, core
Shell localized BET
Tunneling BET

e wN e

Figure 5.11. Qualitative schematic of the conduction band energies of the core and shell
metal oxides. Upon photoexcitation of the RuP chromophore, the electron likely initially
injects into the conduction band of the shell material. The electron can then localize into the
core of SnO, and recombination can occur between both the shell and core-localized
electrons with the oxidized chromophore.

Based on the staggered conduction band energetics of TiO, and SnO,, we hypothesize
that an injected electron will localize in the core metal oxide and recombination with the
oxidized dye will proceed via a tunneling mechanism (Figure 5.11). The rate of long-range
electron tunneling (kg (7)) is proportional to the square of the electronic coupling between
the electron donor and the electron acceptor, which decreases exponentially with donor—

. 225,226,235
acceptor distance 7.7

The steepness of this decay is described by the tunneling decay
constant 3, which reflects the tunneling barrier height (Equation 5.1).

ker(r) = kgr(ro)exp (=B — 1)) (5.1)
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Analyzing tunneling processes in core/shell materials is more complex than in the
molecular donor-bridge-acceptor systems in which tunneling behavior has been explored

: 126,127,226,235,236
extensively.

For core/shell systems, electrons localized in the core metal oxide
tunnel through the shell to recombine with the oxidized chromophore. However, injected
electrons trapped in localized acceptor states of the shell material can recombine directly
with the oxidized chromophore before transferring to the core. As such, BET dynamics

reflect recombination from electron populations localized in the core and trapped in the shell,

and kinetic analyses must consider both populations.

X Sn0,/TiO,

17 - X 7r0,/TiO,
/a16— X X . — Fit
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g
= 14-
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O 1 2 3 4 5 6 7
TiO, Thickness (nm)

Figure 5.12: Plot of In(1/ ty2) vs. TiO; thickness for amorphous SnO,/TiO; films at equal
injection yields (red) and ZrO,/TiO; films at equal injection yields (green). The fit models
the back electron transfer dynamics with contributions from both tunneling and localized
shell recombination.

Figure 5.12 shows the dependence of 1,2, on amorphous TiO; shell thickness for both
sensitized SnO,/Ti0, and ZrO,/TiO; core/shell films at equal injection yields. If a tunneling
mechanism was solely responsible for the recombination in SnO,/TiO, systems, a linear

relationship between In(1/1;2) and the shell thickness would be anticipated, with the negative
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slope reflecting the distance attenuation factor . For thin shells of amorphous TiO; (< 3.4
nm) we observe this relationship, indicating that electron tunneling is the predominant
pathway for BET. We also considered whether or not this correlation could arise purely from
an increase in localized TiO, acceptor states formed with increasing shell thickness.
However, in comparison to the distance attenuation observed for ZrO,/TiO, control samples,
BET in SnO,/TiO, films is attenuated significantly more with increasing shell thickness,
indicating that the decrease in BET rate results from other factors. This further supports our
assignment of tunneling as the dominant recombination pathway for thin shell materials.

As the TiO; shell thickness exceeds 3.4 nm, the rate of BET accelerates and
eventually plateaus. This suggests that a second recombination mechanism emerges as the
predominant pathway for BET. The rate constant at which distance dependence plateaus is
identical to the rate constant of BET in the ZrO,/TiO, control samples at identical shell
thicknesses, indicating that the dominant mechanism for recombination in these thick shell
materials is diffusion-limited BET from electrons localized in trap states in the TiO, shell. A
similar trend is observed for the equal pulse energy experiments on SnO,/TiO,, with subtle
differences in the TiO, thickness at which the mechanism changes from a tunneling

mechanism to a diffusion-limited BET mechanism (Figure 5.13).
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Figure 5.13: Plot of In(1/ t12) vs. TiO, thickness for amorphous SnO,/TiO; films (red) at
equal pulse energies and ZrO,/TiO; films (green). The fit models the back electron transfer

dynamics with contributions from both tunneling and localized shell recombination (f = 0.27
Al and X, = 3.4 nm).

In order to determine the contribution of tunneling and direct shell recombination
mechanisms to the observed rate of recombination for each TiO, shell thicknesses, we
modeled the data presented in Figure 5.12. Equation 5.2 (fiynne: (%)) describes the linear
relationship between In(1/1;,) and TiO; thickness (x) expected for recombination kinetics
controlled by electron tunneling, where k27 is back electron transfer rate with no TiO, shell
present. Recombination between electrons localized in the TiO, shell and the oxidized dye
can be modeled empirically by the recombination dynamics measured for the ZrO,/TiO,
core/shell films. The dependence on TiO; thickness for this shell recombination mechanism
is described by Equation 5.3 (fine(x)), which was determined from an empirical sigmoidal
fit of In(1/112) vs. TiO; thickness for the ZrO,/TiO, system (Fig. 5.14). Each of these
mechanisms is then weighted by a function that varies from zero to one and is dependent on
TiO, thickness, yielding analytical insight into the contribution of each mechanism to the

overall back electron transfer dynamics at each shell thickness measured. Linear, exponential
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and sigmoidal weighting functions were tested, and we found that complementary sigmoid

functions were found to give the best fit to the data (Equation 5.4, f,s(x)).

ftunnel(x) = _Bx + ln(kgT) (52)

—3.8042
1+exp (1.487+(3.264—x))

fshe”(x) = 16191 +

(5.3)

fobs(x) = ftunnel(x) * <m> + fshell(x) * <1+exp(—jc(x—Xh))> (54)

A decreasing sigmoid is used as the weighting function for the tunneling component
(frunner), because at small TiO, thicknesses, tunneling is the primary mechanism for BET,
thus its contribution should start near unity and decrease with increased TiO; thickness. The
complimentary sigmoid, which has a value close to zero for small TiO, thicknesses and a
value close to unity at large TiO, thicknesses is used as the weighting function for the shell
component (fsne1;)- The intersection of these sigmoidal weighting functions is defined by the
parameter Xp, which is the TiO, thickness at which the dominant mechanism for BET

switches (Figure 5.15).
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Figure 5.14: Plot of In(1/ t12) vs. TiO, thickness for amorphous ZrO,/TiO,. The fit

empirically models the back electron transfer dynamics from localized shell recombination
—3.804

1+exp (1.487(3.264—x))

with a sigmoid function as follows: fspe(x) = 16.191 +
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Figure 5.15: Sigmoidal weighting functions from the analysis of the equal injection yield
data (B =0.25 A" and X}, = 3.2 nm).

Fitting the data presented in Figure 5.12 to Equation 5.3, values of p = 0.25 A™' and
Xp = 3.2 nm were determined for the RuP sensitized SnO,/TiO; core/shell series. This same
analysis was applied to the equal pulse energy experiments and very similar B and X} values
were obtained (0.27 A and 3.4 nm, respectively; Figure 5.13). Our value for B differs
slightly from that previously reported for ITO/TiO, systems with amorphous shells (B = 0.4
A™)."*" Since the value for B is proportional to the energy barrier for electron tunneling, this
difference in B values likely reflects the different conduction band edge energies of the
different core materials (SnO, compared to ITO) which influence the effective tunneling
barrier.

Hupp and coworkers recently reported that very thin (<0.5 nm) TiO; layers on SnO,
in DSSC devices led to a B value of 0.5 A" for electron tunneling to a redox mediator in

solution.'*® Considering that a Ti—O bond is 2 A for crystalline TiO,, it could be possible that
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tunneling proceeded through molecular Ti—O bridges as opposed to a TiO, lattice.”’’
Moreover, in molecular systems, covalent bonding promotes charge tunneling and smaller 3
values. Therefore, in our system, where tunneling current flows into the ground state of a
bound oxidized chromophore, our measured p value of 0.25 A™ could result from reduced

tunneling barriers for charge transport into and out of the TiO, film,**>*2623%2%

5.4.2. Recombination Dynamics in Annealed Core/Shell Systems
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Figure 5.16: Plot of In(1/ t12) vs. TiO, thickness for annealed SnO,/TiO, films (red) and
annealed ZrO,/TiO; films (green)

We also examined the effects of annealing on the BET dynamics in SnO,/TiO,—RuP
systems. Figure 5.16 shows the dependence of 1, on TiO, thickness, for both annealed
Sn0O,/Ti0; and annealed ZrO,/TiO; systems. For the annealed SnO,/TiO, samples we see an
initial decrease in the rate of BET with increased TiO, thickness up to 0.5 nm. With shells
thicker than 0.5 nm, the BET rate is relatively independent of shell thickness. Additionally,

upon annealing the ZrO,/TiO; films, the rate of BET decreases slightly with increased TiO,
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thickness, then becomes relatively independent of shell thickness. The stark similarity
between the dynamics of the annealed SnO,/TiO, samples and annealed ZrO,/TiO, control
samples, along with the dramatic differences between the distance-dependent behavior of the
annealed vs. amorphous samples, suggests that the injected electrons remain localized in the
TiO; shell for TiO; thicknesses greater than 0.5 nm in the annealed samples.

Gritzel and coworkers have examined the effects of annealed TiO, deposited on FTO
via ALD.**” They found that annealing films at 500 °C led to delamination of the titania film
from the FTO surface. If delamination of the TiO; shell from the SnO; core surface occurs in
our system and is significant enough to sever the electronic communication between the two
oxides, electrons would reside solely in TiO; shell, leading to nearly identical BET dynamics
for the SnO,/TiO, and ZrO,/TiO, systems. This is consistent with the BET dynamics we
observe.

The initial decrease in the BET rate for TiO, shells less than 0.5 nm thick may arise
from the passivation of SnO, surface states, rather than electron tunneling from core-

localized electrons.*’"'%

Upon annealing these films, it is possible that pinhole defects in the
TiO, shell form very thin TiO, shells, exposing some bare SnO, sites for chromophore
binding. This would cause the observed back electron transfer to be a convolution of
recombination between electrons injected directly into the SnO, cores and electrons injected
to the TiO; shells. As the TiO; thickness increases, pinholes are less likely to form in the
annealed samples and chromophores will bind solely to the TiO, shell surface. Upon
excitation, injected electrons localize in the TiO; shells, and due to delamination between the

core and shell material at their interface, electrons remain localized in the TiO; shell, as

discussed above.
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5.5. Conclusions

Interfacial charge recombination dynamics were investigated using transient
absorption spectroscopy for amorphous and annealed SnO,/TiO; core/shell systems in order
to elucidate the effect of shell thickness on BET dynamics. Charge recombination in
SnO,/Ti0, films with amorphous shells proceeds via two competitive mechanisms that
depend on the shell thickness. For shell thicknesses between 0 and 3.4 nm, BET proceeds
predominantly by a tunneling mechanism, with p=0.25 A™". For shell thicknesses greater than
3.4 nm, the primary recombination mechanism involves electrons localized the TiO, shell.
After annealing, the SnO,/TiO, films display very different BET dynamics than their
amorphous counterparts. The BET rate for the annealed films decreases with increasing shell
thickness for TiO, thicknesses up to 0.5 nm. This decrease is attributed to the elimination of
pinhole defects as the TiO, thickness increases. With TiO; shells thicker than 0.5 nm, the rate
of BET in the annealed films is independent of TiO, thickness and identical to the ZrO,/TiO,
core/shell samples, suggesting that the core/shell interface is perturbed in the annealing
process. Together, these results indicate that there is an ideal shell thickness to suppress BET
in sensitized core/shell films and show that electron transfer dynamics in these materials are
sensitive to the core/shell interface. Consideration of these factors will help advance these

emerging materials for DSSC and DSPEC applications.
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