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Figure 3.7 Time-dependent photo-EIS spectra plotted as Bode plots for (a) CdSe--MES dissolved
in deionized water at pH 4.23, (b) CdSe-MPh dissolved in deionized water at pH 4.55, and (c)
CdSe-MES/MPh dissolved in deionized water at pH 4.28. showing dark equilibrated photo-EIS

spectra (solid) and photo-EIS spectra at the maximum separation under illumination (dotted).

Figure 3.8 Fits of EIS data using EC-Lab Zfit by Biologic for (a) CdSe-MES, (b) CdSe-MPh, (c) CdSe-

IMEES/IMIPRY <.ttt et h et st s bt et et e s bt et e st e sh e e bt et e eaeenbeeabesaeenaeentens 68


file:///D:/School/Thesis/Glancy_Jennifer_Thesis.docx%23_Toc10211197
file:///D:/School/Thesis/Glancy_Jennifer_Thesis.docx%23_Toc10211197
file:///D:/School/Thesis/Glancy_Jennifer_Thesis.docx%23_Toc10211197
file:///D:/School/Thesis/Glancy_Jennifer_Thesis.docx%23_Toc10211197
file:///D:/School/Thesis/Glancy_Jennifer_Thesis.docx%23_Toc10211197
file:///D:/School/Thesis/Glancy_Jennifer_Thesis.docx%23_Toc10211198
file:///D:/School/Thesis/Glancy_Jennifer_Thesis.docx%23_Toc10211198

LIST OF TABLES

Table 1.1 Impedance equations for each element found using Laplace transform.................... 13

Table 2.1 Data obtained for photo-EIS data using EC-Lab Zfit by Bio-Logic for HPTS and MPTS. All
components were varied except for the values for solution resistance, Rs, taken from the real axis

of the Nyquist plot at the intersection of the X-aXiS........cccceeeiiiiieiciiii e, 45

Table 2.2 The values for solution resistance, R, are taken from the real axis of the Nyquist plot at
the intersection of the x-axis. The values for the constant phase element, Cg, and the ideality
factor were averaged for both and used to remodel both light and dark spectra with constant

values to study the deviation of resistance between dark and light measurements. ................. 45

Table 3.1 Data obtained for photo-EIS data using EC-Lab Zfit by Biologic for HPTS and MPTS. All
components were varied except for the values for solution resistance, Rs, taken from the real

axis of the Nyquist plot at the intersection of the X-aXis........ccccceeeeveciiiveeiiii e, 69

Table 3.2 The values for solution resistance, R, are taken from the real axis of the Nyquist plot at
the intersection of the x-axis. The values for the constant phase element, Cg, and the ideality
factor were averaged for both and used to remodel both light and dark spectra with constant

values to study the deviation of resistance between dark and light measurements. ................. 69

Xi



ACKNOWLEDGMENTS

To my Dad, you’ve always celebrated my accomplishments and have never taken credit, but
credit is due. You always encouraged me to find a way to achieve my goal no matter the obstacle.
| want to say thank you for never letting me believe that failure from lack of effort was ok and for
raising me to put care into anything | aimed to do no matter how small the project. My strength,
perseverance, and resiliency are largely due to you.

To my best friend, Lindsey Berkhahn, you have been there every step of the way through
fourteen years of education and four degrees. Although you never stopped telling me | was crazy
for my path, you have always been one of my biggest supporters. No matter how down or
stressed out | became, you were always there to get my head back in the game. You never let me
feel sorry for myself and always believed | could get through anything life threw at me. Perkins
will forever be one of the worst jobs we’ve had, but to me, it was one of the best because that’s
where | met you. Our pie sneaking days, slip and slide floors, and couch dumpster diving will
always be some of my favorite memories. You're stuck with me for life, lady.

Claudia, my grad school roomie, there were times we didn’t think we’d make it out, but we
did it!!!l You listened to my ranting and raving on countless occasions and you were always
encouraging and supportive no matter how crazy | sounded. I'll miss our protein-shake dancing
days and our whiskey and Netflix dates but we’re onto bigger and better things. May we never
forget, that today is for us!

Thank you to my research advisor, Dr. Shane Ardo, for taking me on as a third year. You offered
constant encouragement on data no matter how daunting the results seemed and for every failed

attempt, offered a dozen more ideas to accomplish what we set out to do. You bring a level of

Xii



passion and excitement to the field of solar energy that is unequaled anywhere else. I'm pretty
sure if anyone called you in the middle of a night with a ‘science emergency’, you would either
answer or call back within minutes ready to tackle the problem. | hope that excitement never
wavers in your career, but | do hope you start to get more sleep!

| would like to thank Dr. Ramesh Arasasingham for the encouragement you gave, the
confidence you instilled in me, and for being an example of what | aspire to be as an educator
and professional. You spent time listening to my ramblings on teaching, gave me advice on how
to become a more effective instructor, and gave me the assurance that | needed to believe in my
own abilities. | will forever be grateful.

To Dr. Kim Edwards, thank you for the support and mentorship you provided when | needed
guidance. You are a strong leader to follow and | appreciate all the work and care you put into
your role as an educator. Thank you for always having my back.

To all my current and former lab mates in the Ardo group: Leanna Schulte, Eric Schwartz, Kevin
Tkaczibson, Simon Luo, Joseph Cardon, Rylan Kautz, Cassidy Feltenberger, Zejie Chen, Margherita
Taddei, Will White, Claudia Ramirez, Bill Gaieck, Rohit Bhide, Nazila Farhang, Dr. Sam Keene,
Dr. David Fabian, Dr. Larry Renna, Prof. Jingyuan Liu, Dr. Chris Sanborn, thank you so much for
being supportive, understanding, and great team players.

Additionally, | want to thank Dr. AJ Shaka and Dr. George Miller for allowing me the education
and experience within the National Science and Security Consortium and for believing in me as a
junior graduate student. Working with you both in the first couple of years holds some of the

highlights of my graduate degree. To Alan Heyduk, thank you for giving me a place in your lab the

Xiii



first summer | was here. You were an excellent mentor and supporter and | value the time you
gave me immensely.

To the Chemistry department at University of West Florida and my advisor, Dr. Pamela Benz,
thank you for understanding and aiding my work-education balance and for providing
scholarships, research, and job opportunities which helped me to earn my degree. | wouldn’t be
here if not for you.

Lastly, | want to thank all the staff members in the Chemistry department, particularly Haleema
Sood, Tenley Dunn, Stacie Tibbets, Jaime Albano, and Terri Short, for always being so incredibly
helpful and prompt whenever | had questions or concerns. Thank you to the former director of
the mass spectrometry facility, John Greaves, for the conversations on mass spectrometry and
for sharing mystery novels with me my first summer of grad school. ou helped make my
transition into grad school that much easier.

To Dima Fishman in the laser spectroscopy facility, you were always extremely helpful and
supportive and want nothing more than to help further the science of every student you work
with. Whenever our paths crossed, you consistently asked for updates on my progress and
offered direct, sincere encouragement which helped me tremendously. | always went back to lab
with more motivation and confidence. You are greatly appreciated.

| would also like to thank sources of funding that have helped support me and my research
throughout my graduate school tenure: The National Science Foundation Graduate Research
Fellowship under Grant number DGE-1321846 and the School of Physical Sciences at the

University of California, Irvine.

Xiv



CURRICULUM VITAE

Jennifer A. Glancy

EDUCATION

Ph.D., Analytical Chemistry
University of California, Irvine
GPA: 3.91/4.00

M.S., Analytical Chemistry
University of California, Irvine
GPA: 3.64/4.00

B.S., Chemistry
University of West Florida
GPA: 3.70/4.00

A.A., Biology
Santa Fe College
GPA: 3.85/4.00

FELLOWSHIPS AND AWARDS

Senior Lead TA
General Chemistry Lecture Series
University of California Irvine

Michael E Gebel Award
University of California Irvine

Travel award to attend NSF-sponsored workshop in Santiago, Chile:

"Photocatalysis, Photoconversion, and Photoelectrochemistry:
Fundamentals, Techniques, and Applications for the 21st Century"

National Science Foundation
Graduate Research Fellowship Program

Teaching assistant award
‘Contributions to the Chemistry Department Teaching Program”
University of California Irvine

Competitive Edge Fellowship
University of California Irvine

XV

2019
Irvine, CA

2014
Irvine, CA

2010
Pensacola, Fl

2008
Gainesville, Fl

2017 - 2018

2016

2016

2014 - 2017

2013

2012 - 2013



FELLOWSHIPS AND AWARDS (continued)

American Institute of Chemists Foundation Award 2011
University of West Florida

Ralph K. Birdwhistell Scholarship 2009 - 2010
University of West Florida

Grace Chiu Analytical Award 2009
University of West Florida

ACS Undergraduate Award in Analytical Chemistry 2009
University of West Florida

RESEARCH EXPERIENCE

Ph.D. Student Researcher, Department of Chemistry 2014 - Present
University of California, Irvine Ardo Group
Projects:

1) Synthesis and characterization of cadmium selenide quantum dots towards the development
of a new visible-light-absorbing photoacid. Ligand exchange of quantum dots with protonable
capping ligands. Use of successive ionic layer adsorption and reaction (SILAR) on metal-oxide
thin films. Material characterization by ultraviolet-visible absorption spectroscopy and acid-base
titrations to quantify pKa values. Photoacid qualification using impedance spectroscopy by
measurement of proton diffusion by monitoring change in solution resistance.

2) Self-Exchange Charge Transfer between Metal-Polypyridyl Coordination Compounds
Anchored to Mesoporous Metal Oxide Thin Films. Quantification and characterization of
multiple-electron-transfer reactions of dyes on surface of thin film using
spectroelectrochemistry.

Ph.D. Student Researcher Summer 2014
Lawrence Livermore National Lab Shaka Group
Project:

Develop robust characterization method for the adsorption of Fe(lll) to quartz using ICP-MS and
SEM to study the redox behavior of plutonium in the presence of trace iron oxide coatings on
mineral surfaces.

XVi



RESEARCH EXPERIENCE (continued)

Ph.D. Student Researcher, Department of Chemistry Summer 2012
University of California, Irvine Heyduk Group
Project:

Reactivity studies of iron complexes containing the redox-active [ONO] ligand used for multi-
electron small-molecule activation reactions. Particularly responsible for quantifying the organic
by-products formed during these reactions through development of an analytical method using
GC/MS.

Undergraduate Student Researcher, Department of Chemistry 2009 - 2010
University of West Florida Benz Group
Project:

Study of the seasonal patterns of ultraviolet photo-protective pigments in phytoplankton in the
Gulf of Mexico. Focus on the seasonal and spatial variations in the UV absorbing capacity of
natural phytoplankton communities. Developed method for sample analysis of water using
HPLC.

TEACHING EXPERIENCE

Head Teaching Assistant, CHEM 1C: General Chemistry Lecture Winter 2018
Department of Chemistry, University of California, Irvine

Head Teaching Assistant, CHEM 1B: General Chemistry Lecture Spring 2018
Department of Chemistry, University of California, Irvine

Head Teaching Assistant, CHEM 1A: General Chemistry Lecture Fall 2017
Department of Chemistry, University of California, Irvine

Teaching Assistant, CHEM 1B: General Chemistry Lecture Summer 2017
Department of Chemistry, University of California, Irvine

Teaching Assistant, CHEM H2A: Honors General Chemistry Fall 2013
Department of Chemistry, University of California, Irvine

Teaching Assistant, CHEM 1C: General Chemistry Lecture Spring 2013
Department of Chemistry, University of California, Irvine

Teaching Assistant, CHEM 1LE: Accelerated General Chemistry Lab Winter 2013
Department of Chemistry, University of California, Irvine

Teaching Assistant, CHEM 1LD: General Chemistry Lab Fall 2012
Department of Chemistry, University of California, Irvine

XVii



TEACHING EXPERIENCE (continued)

Teaching Assistant, CHM 4130L: Instrumental Analysis Lab
Department of Chemistry, University of West Florida

Teaching Assistant, CHM 3120L: Analytical Chemistry Lab
Department of Chemistry, University of West Florida

TRAINING

Public Speaking Certificate Program
University of California, Irvine

Course Design Certificate Program
University of California, Irvine

Workshop on the Application of Open Source Tools
for Nuclear Nonproliferation Research
University of California, Davis

Summer School on Nuclear Safeguards
Nuclear Science and Security Consortium
Los Alamos National Lab

Summer School in Nuclear Analytical Techniques
Nuclear Science and Security Consortium
University of California Davis

Summer School in Nuclear Science and Policy
Nuclear Science and Security Consortium

University of California-Berkeley

TAPDP- Teaching Assistant Professional Development Program

University of California, Irvine

PUBLICATIONS AND PRESENTATIONS

Articles

Fall 2010

Spring 2010

May 2016

April 2016

January 2015

August 2014

August 2014

August 2013

September 2012

1. Jennifer A. Glancy, Shane Ardo. “ldentification of Photoacidic Behavior Using Coupled

AC and DC Electrochemical Techniques.” In preparation.

2. Jennifer A. Glancy, Shane Ardo. “Demonstration of a Quantum Dot Photoacid.” In

preparation.

Xviii



PUBLICATIONS AND PRESENTATIONS (continued)

3. Wong, Janice, Raul Hernandez Sanchez, Jennifer Glancy, Ryan A. Zarkesh, Joseph W.
Ziller, and Alan F. Heyduk. "Disulfide reductive elimination from an iron(lll) complex."
Chemical Science. 4 (2013): 1906-1910.

Oral Presentations

1. Jennifer A. Glancy. “Heterogeneous Photocatalytic Systems: The Interface.” 25™ I-APS
Meeting, Santiago, Chile. May 2016.

2. Jennifer A. Glancy, Hsiang-Yun Chen, Joseph M. Cardon, Jacqueline Angsono, and Shane
Ardo. Studies of self-exchange electron transfer and charge accumulation at sensitized
TiO, for multiple-electron-transfer chemistry using a series of amine-functionalized
porphyrins.” 2515t ACS National Meeting, San Diego, CA. March 2016

3. Jennifer A. Glancy, Sharon Blackwell. “Seasonal Patterns of Ultraviolet Photo-Protective
Pigments in Phytoplankton.” 30" Annual Undergraduate Research Conference. University
of Memphis, Memphis, TN, February 2010.

XiX



ABSTRACT OF THE THESIS

Confirmation of Photoacidic Quantum Dots
Using Impedance Spectroscopy

By
Jennifer A. Glancy

Doctor of Philosophy in Chemistry
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Assistant Professor Shane Ardo

This thesis describes the first demonstration of a quantum dot photoacid. Photoacids are a
class of molecules with a protic bond that is weakened upon photo-excitation. CdSe quantum
dots were synthesized and were made to have mixed-ligand surfaces with a majority of water-
solubilizing sulfonate functional groups and fewer acidic electron-donor functional groups,
notably 4-mercaptophenol (MPh). Sulfonate groups are very acidic and therefore remain charged
over a wide range of pH values. Through judicious choice of synthesis and ligand-exchange
conditions, water-solubilizing 2-mercaptoethanesulfonate (MES) was introduced in addition to
an equal concentration of protic and dipolar MPh groups. The electronic states of surface-bound
MPh groups are such that they can serve as electron-transfer donors to excited-state CdSe
guantum dots. The challenge to characterize the photoacidity of this class of chromophores is
that the charge-separated CdSe™ and MPh* state does not efficiently emit photons. Therefore, a

recently developed electrochemical impedance spectroscopy technique was studied in great

XX



detail to understand the cause of observed changes in impedance and then utilized to definitively
demonstrate that this new class of quantum dot dyes were photoacidic. This light-driven energy
conversion process is uniquely suited to convert light into ionic power, which can be used for

direct desalination of saltwater.
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DISSERTATION AT A GLANCE

Chapter 1 provides a brief introduction to the motivation of this thesis along with a brief
background on solar energy, photovoltaic technologies, and photoacids.

Chapter 2 presents background on electrochemical impedance spectroscopy (EIS) and my
advances to mechanistically understand the cause of observed behavior of impedance in a
recently developed technique to measure photoacidity using a well-known model photoacid, 8-
hydroxypyrene-1,3,6-trisulfonic acid trisodium salt (HPTS; pyranine). Notably, a large series of
measurements were performed and data was critically analyzed under a simplified diffusion
model to identify mechanistic causes of light-driven changes in impedance, including photo-EIS
on the fully protonated and deprotonated forms of HPTS, buffer systems, with added salt, and
for the non-photoacidic analog of HPTS, 8-methoxypyrene-1,3,6-trisulfonic acid trisodium salt
(MPTS).

Chapter 3 reports on the synthesis and characterization of photoacid quantum dots using
techniques from Chapter 2 and characterization using ultraviolet-visible absorption spectroscopy

and Fourier-transform infrared spectroscopy techniques to confirm ligand speciation.



Chapter 1 Motivation and Background
on Photovoltaic Solar Energy Conversion Technologies

and Photoacids



1.1. Energy Background and Motivation

The 1970s energy crisis prompted the United States federal government to expand its
research and development programs in renewable energy, such as solar, hydropower, wind, and
geothermal.’ Since that time the efficiency of laboratory-scale devices for solar energy
conversion to electricity has grown from 22.0% for a single crystal, single-junction gallium
arsenide solar cell (IBM, 1976) to 46.0% for a quadruple-junction concentrator cell (Fraunhofer
ISE and Soitec, 2014).4° The best research-cell efficiencies of photovoltaic technologies over the
past four decades as reported by the National Renewable Energy Laboratory (NREL) are shown

in Figure 1.1.°
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Figure 1.1 Best research-cell efficiencies of laboratory-scale photovoltaic cells.



Commercially, the majority of silicon-based solar cells exhibit efficiencies of ~17%, with the
largest efficiency cells of 22% produced by SunPower.®’ Until recently, the cost of electricity from
solar cells could not compete with the cost of electricity from fossil fuels, but in the past decade,
the cost of solar photovoltaic panels has decreased by 80%, thus making solar energy a cost-
effective alternative to energy from fossil fuels.?

Despite the fact that utilization of solar energy is increasing along with efficiency, the amount
of solar energy available is going largely unused. The Sun continuously provides 1.2 x 10°
terawatts of power to the Earth which is far more than that available from all renewable and
nonrenewable energy sources.* According to the United States International Energy Agency, in
2013, humans produced and used about 5.67 x 10%° Joules of energy and in 2018, global electricity
demand increased by 4% (900 terawatt hours), almost twice as fast as the overall demand for
energy which includes electricity generation, preparation of fuel, and energy transport.>1°
Although renewable energy provided 45% of this new energy, energy generation from coal-fired
and gas-fired power plants also rose, increasing CO, emissions by 2.5%.1!

Since the Industrial Revolution, it has been known that the supply of nonrenewable resources
such as coal, natural gas, and oil were not infinite. The idea of moving toward a 100% renewable
electricity supply has since been proposed and discussed; for example, in 1975 Bent Sgrensen
proposed such a plan for Denmark.'? Afterward, Amory Lovins, and Bruckman, two scientific
writers on energy policy, suggested a rough outline for a renewable energy future for the United
States and Germany, respectively, in contrast to the expansion of nuclear energy as a
replacement to fossil fuels.!® Since then, the feasibility analyses have been much more detailed

for a number of different countries on 100% renewable electricity supply options by 2050.13-21



For the United States, NREL has published the Renewable Electricity Futures Study where a
variety of different scenarios are assessed ranging from 30% to 90% of renewable electricity.??
The study concluded that a more flexible electric grid would be more than adequate to supply
80% of the total electricity generation in 2050 including meeting electricity demand in every
region on an hourly basis.?? These studies included the use of biomass, geothermal, hydropower,
solar, and wind with nearly 50% of the total electricity generation from variable wind and solar
photovoltaic generation.?> To achieve this future, these scenarios included technology

improvements for earlier stages technologies, particularly solar.?3

1.2. Harnessing Solar Energy with Protons

Photovoltaic solar cells use sunlight to produce direct current electricity which is used as an
energy source to power a load. The system relies on the photovoltaic effect, observed by Edmund
Becquerel in 1839, which causes some materials to absorb photons of light and generate an
electric current.?*?> The photoelectric effect was later described in 1905 by Albert Einstein and
the first photovoltaic module built by Bell Laboratories in 1954.2¢ However, cost prohibited the
technology from gaining widespread use until the space industry began utilizing it to power
spacecrafts.?’

Photovoltaic cells are composed of at least two layers, typically consisting of an n-type
semiconductor and a p-type semiconductor. The n-type layer contains mostly (n)egatively
charged electronic mobile charge carriers, which thermalize from donor dopants consisting of
atoms with five valence electrons embedded within the silicon crystal lattice such as phosphorus,

and the p-type layer contains mostly holes as (p)ositively charged electronic mobile charge



carriers, which are formed due to thermalization of electrons into acceptor dopants consisting of
atoms with three valence electrons embedded within the silicon crystal lattice such as boron.
Upon absorption of photons, electrons and holes are separated by at least one selective contact
to generate a photovoltage and current flow through an external circuit as electricity.?®

In Nature, solar energy is utilized by photosynthesis, which involves the concerted motion of
electrons and protons. Protonic solar energy conversion and has been a subject of interest in
solar energy research.?°-3* The idea of modeling photosynthetic solar energy conversion was first
discussed over 100 years, for example, by Giacomo Ciamician in a lecture titled “The
Photochemistry of the Future” where he predicted that imitating the assimilating processes of
plants would artificially put solar energy to practical uses.3>3® Modeling photosynthetic systems,
this approach aims to convert the energy in solar photons into energy in chemical bonds, storing
it in molecules such as hydrogen and hydrogen peroxide while also producing oxygen from
water.37-41

Natural photosynthesis from sunlight has an upper limit efficiency of 4.5% for C3 plants or
microalgae, however this is rarely observed, with the exception of sugarcane in tropical climates,
and is typically found to be ~1%.427% Due to the extreme complexity of natural photosynthesis,
scientists aim to mimic this function via artificial photosynthesis which is less complicated and is
capable of producing biofuels like methane, hydrogen gas, and alcohols, or converting carbon
dioxide to carbon monoxide.38464” These studies focus on using sunlight to reduce carbon dioxide
in aqueous solution to carbon monoxide, ethanol, or methane:

CO; + 2H,0 + 8hv = CHa + 20, (1)



or to split water, which entails two multi-electron-transfer reactions, into molecular hydrogen

and molecular oxygen as follows: 484°

2H20 + 4hv = 2H, + 0, (2)
2H20 +2e” 2 Hy + 20H" (2a)
2H,0 > O, + 4H* + de (2b)

Water electrolysis is not possible by simply illuminating water because water does not absorb
sunlight and therefore photosensitizers capable of absorbing sunlight must be
incorporated.*>°%°1 The most successful approach thus far has been photoactivation of solid-
state semiconductor materials.>!

Another natural process, light-driven proton pumps, are found in Halobacterium halobium.
The protein used by Archaea, bacteriorhodopsin, is capable of using light energy to drive protons
across the cell membrane where the electrochemical potential difference in the proton gradient
is then converted into chemical energy.”? Upon absorption of a photon, the photoactive retinal
cofactor buried within the protein changes its confirmation from all-trans to 13-cis, Figure 1.2,
which results in a change of the tertiary structure of the surrounding protein to drive the proton

pumping mechanism.>?

Figure 1.2 (a) all-trans-retinal and (b) 13-cis-retinal



The photocycle for bacteriorhodopsin, has been well characterized by spectroscopic and
crystallographic methods.>* Other phototrophic systems in bacteria, algae, and plants, also use
proton gradients but are more indirect and involve electron transfer chains involving more
proteins. Other plant systems also use additional accessory pigments to aid in capturing light
which can expand the useable solar spectrum but add additional complexity. To mimic the light
driven proton pump system found in bacteriorhodopsin, molecules known as photoacids can be

utilized.

1.3. Photoacids

The most common photoacids are aromatic organic molecules that are weaker acids by many
orders of magnitude in the ground electronic state than in their first excited electronic state.>>
The transfer of a proton to protic solvents depends on the strength of the photoacid with the
weakest able to efficiently transfer a proton to water and the strongest able to transfer a proton
to solvents such as dimethyl sulfoxide, ethanol, and methanol.>6%° For weak to intermediate
photoacids, the protic transfer to ethanol and methanol is found to be 3.5 orders of magnitude
slower than in water. >¢->8

The light-drive proton pumping mechanism is predicated on an acid—base process that
involves molecules such as a carboxylic acid R—CO;H and its conjugate base R—CO; . These species

interconvert and exhibit an equilibrium constant, K;:%*

Ka
R—-CO2H <«—— R-COy +H" (3)



The full cycle that a photoacid undergoes following photon absorption is known as the Forster

cycle and is used to determine excited-state equilibria.®?

In the case of a photoacid, light excitation generates an excited state HA", that may release a

proton to a greater extent than the ground state, and achieve a quasi-equilibrium defined by K,":

61

*

Ka
R(CO:H)" > R(COx)*+H* (4)

«—
A common photoacid, pyranine, has a ground state pK, of 7.7, near the pH of neutral water,
and an excited-state pK; of 1.3 making it a weak to intermediate strength photoacid. The
protonated form absorbs from around 330 nm to 500 nm and has a Amax at 405 nm which is only

a portion of the useable solar spectrum as seen in Figure 1.3.5 Many potential photoacid

candidates absorb at even higher energies and therefore poorly absorb solar photons.

1.4. Coupling Photoacids and Quantum Dots

The goal of this thesis is to extend the region of sunlight that can be absorbed by thiol-
photoacids by coupling them with cadmium selenide quantum dots. Cadmium selenide (CdSe)
guantum dots absorb farther into the visible region, over 600 nm, through tuning of the synthesis
procedure and reaction time.®4%¢ The photo-acidic ligand used in this thesis, 4-mercaptophenol
(MPh), has maximum absorbance in the high ultraviolet-visible absorption spectroscopy region
at 230 nm and 270 nm. Conjugation with CdSe quantum dots extends this absorbance to ~530
nm. However, common characterization techniques for photoacids such as transient absorption
spectroscopy, transient mid-infrared spectroscopy and acid—base titrations, cannot be easily

utilized for characterization of thiol-coated CdSe quantum dots.>7>%6167-70
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Figure 1.3 The solar spectrum at Earth’s surface. The black shaded region represents the spectral
irradiance in W m2 nm%, the visible region is represented from 400 nm to 700 nm, and the green
absorbance peak is a scaled absorbance spectrum of pyranine. Reference AM 1.5 Spectra. Data

provided by the American Society for Testing Materials (ASTM) Terrestrial Reference Spectra for
Photovoltaic Performance Evaluation

Thiols, particularly MPh, are known to quench the fluorescence of the CdSe, eliminating many
large and easily observable transient absorption features to be used for characterization.”*™”> In
addition, quantum dots are not stable at extreme pH’s which eliminates acid-base titration
techniques as a characterization resource.’®’” Fortunately, it is this lack of fluorescence that will
be utilized to ensure that the holes generated upon excitation in the CdSe quantum dots are
transferred to the photoacidic ligand, allowing for the release of a proton. To synthesize the
quantum dots, well known procedures were followed.®>6¢78-80 Characterization was done with

ultraviolet-visible spectroscopy (UV-VIS), Fourier transform infrared spectroscopy (FTIR), X-Ray

10



diffraction (XRD), and fluorescence measurements. For the ligand exchange of oleate-capped
CdSe quantum dots, literature methods were followed and in some cases were combined
to yield a mixed-ligand product.’*72768182 Eoyrier transform infrared spectroscopy and UV-VIS
were used to confirm all ligand exchange products and will be presented.

This thesis utilizes a new method, developed by Dawlaty, et. al., to characterize the
photoacidic behavior of the quantum dots using electrochemical impedance spectroscopy. The
technique is sensitive to the concentration of protons upon light excitation of a photoacid,
pyranine, where a significant change in impedance is observed at low frequencies between dark
and light excitation. The results are supported through control measurements on water and
deprotonated pyranine showing no significant change in impedance between light and dark

measurements. 83

1.5. Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS) is an electrochemical technique which
measures the frequency dependent impedance of a system. Impedance spectroscopy can be
applied to a number of applications including interfacial processes such as redox reactions,
geometric effects of mass transfer or porous electrodes, battery and fuel cell analysis, biological
membranes, and electrocatalytic reactions.®*®7 Analysis using impedance spectroscopy requires
knowledge of complex numbers and electrical circuits, which will always contain resistance
elements. Because impedance spectroscopy measures the AC and DC resistance, the opposition
of electric current of a system, fundamental laws must be known: Ohm’s Law and Kirchhoff’s

Law. Ohm’s Law, representing the passage of current through a resistor:

11



V =Ri (1)
where i stands for current (A), R stands for resistance (Q), and V stands for voltage (V). This
equation allows the current to be determined if the voltage is known. The first of Kirchhoff’s Laws
states that the sum of currents entering any point is equal to the sum of currents leaving, which

equals zero:

Z%:o )

The same also applies to voltages in loops which states that the sum of voltage drops in a closed

loop equals zero:

kazo (3)

h=—p R_1 and (4)
%4
. _ 5
= 5)
In which combining them obtains:

) V+V V<1+1> vV )

= — _— = [ —_— e —

Ry R, Ri  R3/  Req

Showing that an equivalent resistance can be used to represent multiple resistances giving the

final equation:

==t 7)
Req Rl RZ
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Electrical circuits often contain other elements such as capacitors and inductors.
Capacitance, C, is the ability of a system to store an electric charge and is represented by a
relation between the charge, Q, measured in coulombs, C, and voltage of a system where

capacitance is in farads, F:

0
V= C and (8)

t

mﬂ=fwwm )

0

Inductance, L, is a property which opposes any change of magnitude and direction of electric
current passing through a conductor and is used to calculate the potential difference developed

by using the change of current in the system over time:

di(t)
dt

V) =1L (10)

To find the impedance, Z, of a system, Laplace and Fourier transform are used to obtain the DC
and AC impedance component for each electrical element (Table 1.1), where s = ¢ + jw, and

Ohm’s and Kirchhoff’s Laws are used to find the total impedance.3

Table 1.1 Impedance equations for each element found using Laplace transform

Impedance AC
Element .
(s=0+jw) Impedance
R R R
1 1
C - —
sC JjwC
L sL Jjwl
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For ideally polarized liquid electrodes, and R-C circuit is easily used to model the impedance.
However, for electrodes which develop a double-layer capacitance which is not purely capacitive
or represents a distribution of capacitors, another element, the constant phase element (CPE), is
used to model the circuit. When the capacitance element is replaced by a CPE, it is represented

as follows:

N 1

Lepg = ——— 11
CPE T(](l))q) ( )

Where T is related to the electrode capacitance, in F s®lcm2 and ¢ is the constant phase element

which is always between 0 and 1 which represents the deviation from a straight capacitive line

from 90° by 90°(1- ¢). The closer the value is to 1, the more purely capacitive the system.

1.5.1. Nyquist and Bode Plots

Analysis of impedance are done using Nyquist and Bode plots where the previous elements
are related. A Nyquist plot, or Argand diagram, are plots of the imaginary versus real impedance.
The real axis, Zgreal Or Re(Z), corresponds to the resistance of the circuit and the imaginary, -Zimag

or Im(Z), corresponds to the reactance of the circuit.
Z =Re(Z)+jIm(Z) (12)

The plot will typically show a semicircle, representing the charge transfer resistance of the system
but will often show diffusion regimes as well. The output from a parallel RC circuit is shown in
Figure 1.4. The diffusion region at low frequency is typically referred to as Warburg diffusion and

will be discussed shortly.
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The two types of Bode plots are of the log of magnitude of impedance, log|Z| versus the log
of frequency, log(f) and of the phase angle, ¢, between the current and voltage versus log f. The

magnitude of Z, |Z| is the ratio between beak current and voltage:

= |Z| = JRe(Z)? + Im(Z)? (13)

SIS

The phase can also be found using the Im(Z) and Re(Z) components:

_, Im(2)

0 = tan Re(Z)

(14)

For an ideal circuit, the magnitude in the Bode plot provides two pieces of information: a
constant value log|Z| = logR at high frequencies and a straight line with a slope of -1 and an
inflection point giving the breakpoint frequency, w =1/RC. The phase angle Bode plot represents
the components of the circuit: a resistor will have a phase of 0° at all frequencies, a capacitor
will have a phase of -90° at all frequencies, and an inductor will have a phase of +90° at all
frequencies. For mixed circuits, a combination of these values are seen; for example, for a series
RC circuit, the Bode plot will present a phase change from 0° to -90° as frequency is decreased,
and for a parallel RC circuit, the phase changes from -90° to 0° as frequency is decreased. Non-
ideal circuits will exhibit shifts from these values. The two types of Bode plots, representing phase

and magnitude for a parallel RC circuit, are shown in Figure 1.4.

1.5.2. Warburg Impedance

Resistance to mass transfer, or diffusional processes, in an electrochemical cell is most often

represented by Warburg impedance in equivalent circuit models. A common circuit to use, the
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Randles equivalent circuit, is shown in Figure 1.5, showing Rq, which represents the solution
resistance, Cqi which represents the capacitance of the diffuse—double-layer, and the substitution
of the general impedance, Zr, with Warburg impedance, Zy, representing diffusion and the charge
transfer resistance, Ret. Ro can be thought of as the resistance to ion transport through the
electrolyte, Re is related to the activation energy for charge transfer across the interface of the
electrode and if species in solution do not transport fast enough to replenish at the electrode
surface, Zy describes that. Charging of the diffuse—double-layer occurs in parallel to charge

transfer and is described by Cq.

(-]

[=]

0 20 40 60 80 100
ZReat ()

I e e N CE

phase(¢)
log|Z|

100 " N N " L s 3 s . " " N .
-1 0 1 2 3 4 5 6 -1 0 1 2 3 4 5 6
log(freq Hz) log(freq Hz)

Figure 1.4 (a) Nyquist plot, (b) phase Bode plot, and (c) magnitude Bode plot
for an RC circuit in parallel, R =100 Q and C = 20 yF, as shown.
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- Re H 4o =

Figure 1.5 The Randles equivalent circuit representing Warburg impedance where Rs represents
the solution resistance, Cq represents the double layer capacitance, Rt represents the charge
transfer resistance, and Zy, represents the Warburg diffusive impedance.

Warburg diffusion has distinguishing characteristics in Nyquist and Bode plots as shown in
Figure 1.6. In the Nyquist plot, a deviation from a full-semicircle, as seen in Figure 1.4, is shown.
This deviation typically has a 45° angle to the x-axis and represents the mass-transfer regime at
low-frequencies. This depth of the AC signal is shallower than the layer thickness, so at high
frequencies, this is represented by the 45° angle, and at low frequencies the imaginary
impedance goes to infinity because constant current cannot flow in the system.® Accordingly,
the phase Bode plot exhibits a 45° phase shift and the magnitude Bode plot shows a slope of -

1/2, similar to those shown in Figure 1.6.

However, the Warburg element assumes semi-infinite (unrestricted) linear diffusion and can
deviate from ideal behavior in cases where the diffusion is restricted in finite regimes. There are
two boundaries in finite-length diffusion: absorbing/transmissive and reflective. In total
absorbing/transmissive boundary diffusion, the boundary affects the rate of diffusion by
immediately removing/”absorbing” species whereas in reflective boundary diffusion, the

boundary affects the rate of diffusion because it is impermeable to species transport and thus
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“reflects” them.® In the case of a total absorbing/transmissive boundary, the Warburg element

used is Warburg Element (short), Ws and with reflective boundary, Warburg Element (open), Wo.

Cdl
[ RS —
Ry H Zy
0 i i i . ; i
0 100 200 300 400 500 600 700
ZReaI (€)
T ;
o
L)
60|
.70 L
-80
.90 A R L ) . 46 ; . - :
=1 0 1 B 3 4 5 6 - 0 1 2 3 4 5 6
log(freq Hz) log(freq Hz)

Figure 1.6 (a) Nyquist plot, (b) phase Bode plot, and (c) magnitude Bode plot representing
Warburg impedance using a Randles circuit with Rs = 75 Q, Cqqi = 100 YF, Ret = 375, and the
Warburg impedance component, Zy = 90 Qs/2 as shown.

For each type of finite Warburg diffusion, the expected 45° phase change shows deviation
and the diffusion can be considered to be anomalous rather than ordinary linear diffusion. For

anomalous diffusion, the mean squared displacement of the diffusing species do not follow the

ordinary linear law®’,
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<r2>«t (15)
but has a power law with dependence on time,
<r2>« tP(0< B <2) (16)
creating a deviation from the % exponent law as follows:
Z(iw) o (iw) ™2 (17)
Z(iw) « (iw)™P? (0< B <2) (18)
For anomalous diffusion with an absorbing/transmissive boundary, species are immediately
“absorbed” at the boundary, L, meaning that the concentration at the boundary is zero and the
flux across the cell is at steady-state®—°1
C=0((x=1L) (19)

For the impedance of a diffusive system with an absorbing boundary, the equation is as follows22:

Z(s) =R, (%)W2 tanh [(i)ml (20)

Wq
where Ry is the diffusion resistance, s is the Laplace variable related to angular frequency (iw),
and D is the diffusion coefficient in cm? s,y is the anomalous diffusion exponent, and wq is the
frequency of diffusion in a finite layer which corresponds to transit time to cover the distance, L,

inrad s?:

(21)

Wy =

SN RS

at high frequencies, fory < 1,

7(s) = R, (%)W2 (22)
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and at low frequencies, a parallel combination of a resistance and a CPE where Q = 3Rwwq":

1
(@s™)

Z(s)t= Ri+ (23)

This arises because polarization of the working electrode in this regime is influenced by and
affects the other far absorbing boundary and therefore the capacitance of the other side must
be included in the model in addition to a diffusional resistance to mass transport.?’

Using this information, the circuit model for the Warburg Element (short) can be represented
as shown in Figure 1.7a where the diffusive Warburg element in the Randles circuit of Figure 5,
has been replaced by a parallel RC circuit. The double layer and parallel diffusion capacitances
are substituted for constant phase elements, representing the imperfect capacitance of the
system as shown in Figure 1.7b. Furthermore, in two-electrode electrochemical measurements
both electrodes are being polarized and influenced at all frequencies and thus at low frequencies
when the diffusion layer reaches the other electrode, no additional interfacial capacitance is
being introduced. Thus, the parallel diffusion constant phase elements is removed from the
equivalent circuit diagram leaving two resistors in series, Rct and Rgifr, which add together to form
the total charge transfer and mass transfer diffusional resistance. The final simplified circuit
model is shown in Figure 1.7c.

The following chapter, Chapter 2, will present an investigation of an impedance technique to
characterize photoacids using this simplified circuit model. The technique is then used to

characterize newly synthesized photoacidic quantum dots in Chapter 3.
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(a)

I:{cliﬁ‘

Cdiff

(c)

Figure 1.7 (a) Randles circuit for one electrode with the Warburg element substituted for a
resistor, Raif, and capacitor, Cqifr, in parallel, (b) circuit for one electrode with the diffuse—
double-layer capacitance, Cqq, and diffusional capacitance, Cqir, substituted with constant
phase elements (CPEsaqi and CPEgifr, respectively), and (c) circuit for a two-electrode
experimental setup where the electrodes are assumed equivalent and the diffuse—double-
layer is modeled as CPEgqi and the sum of the charge-transfer and diffusion resistances are

modeled at Rct+diff.

(b)

CPE,,

CPEy

Raifr

Rt diff
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Chapter 2 Identification of Photoacidic Behavior Using

Coupled AC and DC Electrochemical Techniques

22



2.1. Introduction

Photoacids and photobases constitute a class of molecules where light absorption results in
a reversible change in the Brgnsted—Lowry acidity of a functional group on the molecule.
Depending on the underlying mechanism of photoacidity/photobasicity, the cycle of light
absorption, (de)protonation, and ultimate recombination/re-equilibration can occur over many
different timescales that vary by 15 orders of magnitude.>>>76%9293 For example, excited-state
proton transfer (ESPT) from photoacids occurs on the timescale of picoseconds (nonadiabatic) up
to nanoseconds (adiabatic), photobasic behavior often occurs on the timescale of up to
microseconds,®°4% regeneration of deprotonated ground-state photoacids occurs on the tens
of milliseconds timescale,®>°” and photo-driven cis/trans isomerization leading to cyclization and
deprotonation, followed by re-equilibration, occurs on the timescale of seconds to minutes.®898°9
Because of these disparate timescales, techniques to measure photoacidic/photobasic behavior
are quite varied. For slow non-excited-state proton-transfer processes such as cis/trans
isomerization many rather facile techniques exist, including quantification of pH changes using a
standard pH probe and electronic absorption spectroscopy to quantify the extent of
(de)protonation and pH change.?®71% Quantifying photoacidity/photobasicity of excited-state
species requires faster time resolution, which is easily accessible using time-resolved
photoluminescence spectroscopy even when the excited-state molecules are only weakly
emissive.'%* However, when excited-state molecules are extremely poor light emitters, so much
so that luminescence is undetectable experimentally, more advanced and less readily available

techniques are required, such as ultrafast and nanosecond transient absorption spectroscopy. A
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more easily accessible and generally applicable technique to identify photoacidic/photobasic
behavior is useful.

Dawlaty et. al. recently demonstrated a photo-electrochemical impedance spectroscopy
(PEIS) technique that quantitatively assessed whether a species in solution or in poly(ethylene
glycol) was photoacidic.?? The basis for the technique is that when photoacids are continuously
illuminated there is a steady-state change in the concentration of solvated protons, which should
result in a decrease in the series resistance of the bulk solution — measured at high frequencies
—and a decrease in the impedance of mass-transport-limited processes involving protons at the
electrodes — measured at low frequencies. Measuring changes in solution resistance is
challenging because solution resistance is in series with other resistances, including charge
transport in the plane of transparent-conductive-oxide electrodes whose resistances are often
relatively large. Moreover, the ionic strength of the aqueous electrolytes used in these
experiments is rather large due to water-solubilizing charged groups present on most photoacids
and their mobile counterions. This means that changes in the series resistance during illumination
will be small compared to the value of the series resistance in the dark, even with effective
photoacids/photobases and moderate illumination intensities. Measuring changes in mass-
transport-limited impedance is in theory less challenging because the measurement is specific to
protons and hydroxides and therefore small and stable initial concentrations are possible, e.g.
107 M at pH 7. In order to observe a change in the mass-transport-limited resistance during
illumination, protons and/or hydroxides must be involved in interfacial electron-transfer
reactions at the electrode(s) and their concentration(s) must be perturbed significantly within

the diffusion layer of an electrode(s). By illuminating an electrochemical cell whose walls consist
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of transparent-conductive-oxide electrodes and that is filled with a solution of photoacids whose
absorption profile follows the Beer—Lambert law, the largest number of excited states are
generated at one electrode and therefore, as long as the potential of the electrode is sensitive to
the local concentration of protons, a decrease in the low-frequency impedance should be
observed upon illumination. Dawlaty et.al. demonstrated the utility of this technique using a
well-known photoacid dye molecule (Sodium 8-hydroxypyrene-1,3,6-trisulfonate (HPTS);
pyranine) dissolved in aqueous solution and impregnated into a hydrated polymer.83 A general
and somewhat initially unexpected conclusion was the charge-transfer resistance of the fitted
photo-EIS data increased upon illumination. Herein we report data from dark and illuminated
electrochemical measurements of aqueous pyranine solutions using open-circuit-potential
measurements (DC) combined with photo-EIS measurements (AC). Together, the data provide a
more complete picture of the processes that lead to the previously observed low-frequency
photo-EIS response and further support that the response is due to a transient change in solvated

proton activity.

2.2. Experimental Methods

2.2.1. Chemicals

The following materials were used without purification: hydrochloric acid (36.5 - 38.0% w/w,
Fisher Scientific), sodium hydroxide (>95%, Macron Fine Chemicals), sodium chloride (99.6%,
Fisher Scientific), Sodium 8-hydroxypyrene-1,3,6-trisulfonate (HPTS or pyranine) (>95%,
Carbosmith), Iron(lll) chloride, anhydrous (98%, Alfa Aesar), Iron(ll) chloride, anhydrous (99%,

Acros Organics). Sodium 8-methoxy-hydroxypyrene-1,3,6-trisulfonate (MPTS) was synthesized
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using iodomethane (99%, Alfa Aesar) and sodium hydroxide (>95%, Macron Fine Chemicals)
according to previously reported procedures.'® Solutions were made using DI water unless

otherwise noted.

2.2.2. Cell Design

Our cell was modeled after that used by Dawlaty et. Al.,® with several adjustments noted
here, and was used to perform photo-electrochemical impedance spectroscopy (photo-EIS)
measurements and electronic absorption spectroscopy measurements. Briefly, a thin-pathlength
infrared (IR) spectroscopy liquid cell (Super-Sealed Liquid Cell, PIKE Technologies) was
constructed using cell windows that consisted of electrically conductive optically transparent
electrodes (fluorine-doped tin oxide-coated glass (FTO), Hartford Glass) separated by a 250 um
thick Teflon spacer. Electrical connections to the external circuit were made by contacting the
top edge of each FTO with a copper wire via intervening silver paint and covered with epoxy. Two
3/16-inch holes, aligned with the injection ports of the IR cell, were drilled in one piece of FTO to
allow for introduction of the photoacid-containing aqueous solutions. Prior to cell assembly, the
electrodes were thoroughly cleaned with ethanol and acetone and dried under a stream of N2(g).
After cell assembly and compression by tightening the screws of the cell, 150uL of solution was
injected to form a uniform layer, without air bubbles or separation, that was visible across the

entire cell window.
2.2.3. Electronic Absorption Spectroscopy

Electronic absorption spectra were acquired at room temperature using an ultraviolet—visible
absorption spectrophotometer (Cary 60, Agilent Technologies) with a resolution of 1 nm.

Electronic absorption spectra were measured by aligning the window of the cell in the optical
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beam path, and spectra are reported versus a baseline spectrum taken on the cell filled with Mill-

Q and deionized water respective to the medium used as the solvent.

2.2.4. Photo-Electrochemical Impedance Spectroscopy (Photo-EIS).

The cell was aligned in a homebuilt Faraday cage that contained a small opening for cell
illumination. Photo-EIS data were acquired from 0.1 to 10° Hz (4 points per decade and 10 mV
AC voltage amplitude) in the dark and under constant illumination. Incident light was generated
by a visible-light-emitting laser pointer (405 + 10 nm) calibrated using a Si photodiode (FDS100,
Thorlabs) to have a photon flux of 8.4 x 10> photon s* and full-width-at-half-maximum beam
diameter of 1.96 mm, followed by a beam expander that slightly undrilled the cell window to

ensure near-complete illumination of the electrode over the area of the window.

2.2.5. Open Circuit Potential

The open circuit voltage (Voc) was measured using the two-electrode cell in alternation with
each photo-EIS measurement. Each open circuit potential measurement was measured for five

seconds and recorded every second with a resolution potential range of -2.5V; 2.5 V.

2.3. Results and Discussion.

Sodium 8-hydroxypyrene-1,3,6-trisulfonate (HPTS; pyranine) is a molecule that is known to
undergo excited-state proton transfer when illuminated.>®>%70.92106 Excitation into its m—>m*
absorption transition (Figure 2.1a) results in a decrease in its ground-state pK, from ~7 to ~1 in
the excited state.>%104105107-109 Bacause this photoacid has been studied for decades, we used it
as a model compound to demonstrate the utility of our coupled DC and AC photoelectrochemical

techniques and assess the cause of the resulting photo-EIS behavior shown in Figure 2.2.
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Shown in Figure 2.2 are Nyquist plots representations of photo-EIS data for aqueous solutions
of 1 mM and 10 mM pyranine when fully protonated and fully deprotonated, as well as analogous
data for methoxylated pyranine, which does not contain a protic proton. Comparative

ultraviolet—visible electronic absorbance spectroscopy for each compound is shown in Figure 2.1.
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Figure 2.1 (a) Absorption of 10 mM protonated HPTS and 10 mM MPTS and (b)
Absorption of 1 mM protonated HPTS and 1 mM MPTS, and c) 1 mM protonated
HPTS and 1 mM deprotonated HPTS all with a pathlength of 250 um
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Figure 2.2. Time-dependent photo-EIS data plotted as Nyquist plots over time for agqueous
solutions of 1 and 10 mM sodium salts of (a) 1 mM HPTS (pH 4.2), (b) 10 mM HPTS (pH 4.0) (c) 1
mM HPTS (pH 9.7 from addition of equimolar NaOH), (d) 10 mM HPTS (pH 9.5 from addition of
equimolar NaOH), (e) 1 mM MPTS (pH 3.7), (f) 10 mM MPTS (pH 4.0), showing dark equilibrated
photo-EIS spectra (black) and photo-EIS spectra measured successively over time until a
maximum separation is observed under illumination (green-to-blue).
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Collectively, these data clearly show that protonated ground-state pyranine is required in
order to observe significant changes in the low-frequency region of the photo-EIS spectra under
conditions of continuous illumination. The fact that deprotonated pyranine, at a different pH
value, and methoxylated pyranine, at approximately the same pH value, did not exhibit
significant light-induced changes in the photo-EIS spectra suggests that the protic proton on HPTS
is important in order to observe this behavior and that the pH of the solution by itself does not
strongly influence the effect. This is consistent with the behavior of protonated pyranine which
undergoes excited-state proton transfer with near-unity quantum vyield under these pH
conditions.1%111 Moreover, solutions containing other concentrations of protonated pyranine
and at various other pH values also exhibited a similar change in photo-EIS spectra under
conditions of continuous illumination (Figure 2.2). The trends in behavior observed here are
consistent with observations made by Dawlaty et. al.,®® and with a technique that is sensitive to
the concentration of protons in solution.

A change in proton concentration under illumination can affect various aspects of an
electrochemical cell: bulk resistance, diffuse-layer capacitance near the electrode|electrolyte
interface, and mass-transport-limited proton-coupled redox reactivity at the electrode surface.
Therefore, we performed a series of measurements to assess each of these processes.

Bulk resistance is inversely proportional to the ionic strength. Therefore, photo-generation of
protons should result in a decrease in the bulk resistance as evidenced by a decrease in the value
of the x-intercept of the Nyquist plot, which is measured at a high frequency. As illumination was
toggled on and off the high-frequency photo-EIS data did not show a reproducible change in its

shape or the value of the x-intercept, which suggests that light has little-to-no influence on the
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bulk resistance of the cell. This observation occurred in part because for every molecule of
pyranine, three Na* counterions were present, meaning that the ionic strength of the cell in the
dark was inherently quite large and that small increases in proton concentration and therefore
decreases in resistance would be difficult to measure. Moreover, the resistance of the FTO
electrodes dominated the ohmic resistance of the circuit.

The diffuse-layer capacitance is directly related to the ionic strength and therefore, will be
affected by the number of photo-generated protons; however, the double-layer capacitance is
constant and therefore will not. Similarly, for measurements of the bulk resistance, the large ionic
strength inherent to pyranine precludes significant changes in the capacitance of the diffuse
layer. Moreover, the capacitance of the diffuse—double-layer is dominated by the smaller double-
layer capacitance over most potentials and therefore, the observed capacitance will be relatively
unaffected by photo-generated protons.

Mass-transport-limited proton-coupled redox reactivity at the electrode surface would result
in a change in the low-frequency photo-EIS spectra, which was observed experimentally for
photo-EIS data measured at < 1 Hz suggesting that during the +10 mV AC sweeps, redox processes
that consume or generate protons occur at the FTO electrode(s). This hypothesis was further
corroborated by photo-EIS data measured in the presence of excess inert supporting electrolyte,
which should not affect mass-transport-limited processes and did not (Figure 2.3). If mass-
transport-limited proton-coupled redox reactivity at the electrode surface is the cause of the
observed change in the photo-EIS spectra during illumination, then the open-circuit potential of

the cell should also be affected by light.
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Equimolar amounts were used in addition to 10x equimolar amounts to definitively show that
the PEIS observations were not from an excess of electrolyte, also shown with open-circuit
potential measurements (Figure 2.3(a)(b)). Unlike the case with added NaOH, these
measurements exhibited a similar photo-EIS response in the presence and absence of NaCl
suggesting that the magnitude of the photo-EIS signal is not due to a change in the ionic strength
and/or conductivity of the solution, or a change in the rate of flux due to species migration under
illumination, and is more likely reporting on a phenomenon that is specific to diffusion of
protons/hydroxides. In the case of deprotonated photo-EIS measurements, an equimolar
amount of NaOH and HPTS was used and an overall decrease in resistance was seen for both light
and dark spectra. For the excess salt spectra, deviations from the photo-EIS spectra are not
observed until 10x the amount of salt is added to a concentration of HPTS as shown in Figure
2.3(e). The small change in the high-frequency resistance with and without added NacCl, added
in a 1:1 molar ratio to HPTS to match the 1:1 molar ratio of NaOH to HPTS further corroborates
the hypothesis that the FTO electrode dominated the series resistance of the circuit.

Additionally, measurements were taken with both excess NaOH and HCI (20x the molar
amount of HPTS) to see if the effect was similar to that of excess salt concentration (Figure(d)(e).
For 20x the amount of HCl to HPTS, an overall decrease of resistance in both dark and light was
seen which is similar to the case of 10x NaCl. However, for excess NaOH (20x molar amount of
HPTS), although there was also a decrease in overall resistance similar to previous observations,
the opposite effect was seen between dark and light spectra where the light spectra has a very

small increase in resistance, possibly due to the heating of the sample. (Figure 2.3)
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Figure 2.3 Time-dependent photo-EIS spectra (a) 1 mM HPTS and 1 mM NaCl (pH 4.25), (b) 10
mM HPTS and 10 mM NaCl (pH 4.27), and (c) 10 mM HPTS and 100 mM NaCl (pH 5.0), (d) 10
mM HPTS and 200 mM HCI (pH 0.89), and (e) 10 mM HPTS and 200 mM NaOH (pH 13.64)
showing dark equilibrated photo-EIS spectra (black) and photo-EIS spectra measured
successively over time until a maximum separation is observed under illumination (green-to-

blue).
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Lastly, the data provided in Figure 2.4 shows 1 mM and 10 mM HPTS solutions in Milli-Q
water, which further confirms that observation of a decreased resistance for solutions of HPTS in
the low-frequency region of the photo-EIS spectra are not due to impurities in the deionized
water. The main difference is the trend of separation in the photo-EIS spectra: in deionized water
the photo-EIS spectra further deviate from the dark photo-EIS spectra over successive
measurements whereas with Milli-Q water the photo-EIS spectra immediately change to their
largest deviation and then decrease back toward the dark photo-EIS spectra.

Therefore, we also examined the influence that light, concentration of pyranine, pH, and salt
had on the open-circuit potential by performing DC galvanostatic open-circuit potential
measurements over time. Unlike PEIS measurements that probe species distributions and

dynamics across the entire cell, open-circuit potential measurements report only on phenomena
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Figure 2.4 Time-dependent photo-EIS spectra (a) 1 mM HPTS in Milli-Q water at pH 4.24, and
(b) 10 mM HPTS in Milli-Q water at pH 4.26 showing dark equilibrated EIS spectra (black) and
photo-EIS spectra measured successively over time until a maximum separation is observed
under illumination (green-to-blue).
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Figure 2.5 Open circuit potential data plotted over time taken in alternation with PEIS data in
Figure 2.2 for aqueous solutions of 1 and 10 mM sodium salts of (a) 1 mM HPTS (pH 4.2), (b) 10
mM HPTS (pH 4.0) (c) 1 mM HPTS (pH 9.7 from addition of equimolar NaOH), (d) 10 mM HPTS
(pH 9.5 from addition of equimolar NaOH), (e) 1 mM MPTS (pH 3.7), (f) 10 mM MPTS (pH 4.0),
showing dark equilibrated EIS spectra (black) and photo-EIS spectra measured successively over
time. Light is shown as a green to blue for increasing time corresponding to identical color EIS
data
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that result in local changes in species concentration at or near the electrode surface and any
changes in the electric potential drop in the system.

The quasi-equilibrated open-circuit potential in the dark and the maximum open-circuit
potential measured under conditions of continuous illumination are shown in Figure 2.5 for HPTS,
deprotonated HPTS, and MPTS reported in Figure 2.2. These data are consistent with the
hypothesis that photo-generated protons influence the potential of the electrode, which must
have a pH dependence to its open-circuit potential and was confirmed (Figure 2.8). The trend
can also be observed in the open-circuit photovoltage data in Figure 2.6 for excess electrolyte,
200 mM HCI, and 200 mM NaOH with HPTS reported in Figure 2.3. However, in the case of 10
mM HPTS and 200 mM NaOH, illumination results in a decrease in the open-circuit photovoltage,
which differs from all other data. The changes are small, as expected for deprotonated HPTS,
suggesting that the observed behavior may be due to local heating.

In the case of HPTS and Milli-Q water, the open-circuit photovoltage measurements reflect
this faster change as compared to deionized water, which we collectively think may be due to a
more well-defined potential present when deionized water is used from the larger
concentrations of impurities in the water (Figure 2.7).

Similar behavior is observed when 1 uM Fe 3+/2+ redox couple is measured in Milli-Q water
(Figure 2.9), which also exhibits pH-dependent redox reactivity. The slower observed rate of loss
of the largest change in open-circuit photovoltage is likely due to the more well-defined potential
formed at the electrode surface when a redox couple was intentionally added to the aqueous

electrolyte solution resulting in less anomalous drift of the signal over time.
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Figure 2.6 Open circuit potential data plotted over time taken in alternation with PEIS data in
Figure 2.3 for aqueous solutions of 1 and 10 mM sodium salts of (a) 1 mM HPTS and 1 mM Nacl
(pH 4.25), (b) 10 mM HPTS and 10 mM NacCl (pH 4.27), and (c) 10 mM HPTS and 100 mM Nacl at
pH 5.0 (d) 10 mM HPTS and 200 mM HCI (pH 0.89), and (e) 10 mM HPTS and 200 mM NaOH (pH
13.64) showing Voc spectra in dark (black) and under continuous illumination. Light is shown as a
green to blue for increasing time corresponding to identical color EIS data
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Figure 2.7 Open circuit potential data plotted over time taken in alternation with PEIS data in
Figure 2.4 for aqueous solutions of 1 and 10 mM sodium salts of (a) 1 mM HPTS in Milli-Q
water (pH 4.24) and (b) 10 mM HPTS in Milli-Q water (pH 4.26) showing Voc spectra in dark
(black) and under continuous illumination. Light is shown as a green to blue for increasing time
corresponding to identical color EIS data.

All electrochemical measurements conducted under conditions of continuous illumination
exhibited transient responses on the seconds-to-minutes timescale. This is consistent with the
average time it takes for protons to diffuse across the width of the 250 um thick cell, T = 8%/D =
(0.025 cm)?/(9.31 x 10> cm?/s) = 10 sec. The initial time dependence of the photo-EIS and open-
circuit photovoltage data were remarkably similar (Figures 2.2 and 2.4). As the photovoltage
increased in magnitude, the photo-EIS data exhibited a similar decrease in slope.

However, the magnitude of the open-circuit photovoltage quickly decreased toward values
measured in the dark, while the photo-EIS data remained rather constant. Moreover, when the
direction of illumination was switched, the sign of the photovoltage changed yet the photo-EIS
response was similar, further indicating that the electrodes exhibit a pH-dependent open-circuit
potential that is influenced by protons that are photo-liberated from protonated pyranine close

to the electrode surface.
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Figure 2.9 (a) pH dependence of the open-circuit potential of FTO in contact with an
aqueous electrolyte solution containing 1 uM Fe 3+/2+ redox couple in Milli-Q water
(b) Open-circuit potential comparison between aqueous electrolyte solutions at pH 4
containing 1 mM HPTS, with and without 1 uM Fe 3+/2+ redox couple.
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Unlike the open-circuit potential data, at all times the photo-EIS data is a convolution of
effects at both electrodes and should not exhibit much of a polarity dependence, where a
decrease in the slope of the low-frequency photo-EIS data suggests that more protons are
present near either electrode. Because the open-circuit potential data is electrode specific and
two-electrode measurements were performed, one would expect that under illumination
diffusion of protons occurs across the cell on the seconds-to-minutes timescale and over which
time the photovoltage measured as a difference in potential between the two electrodes would
approach zero; this was observed experimentally.

Collectively, the data are consistent with photo-generated protons affecting the pH-
dependent potential of the electrode. However, in order to more clearly understand the change
in the low-frequency impedance under illumination, where mass-transport diffusional Warburg
impedance dominates,?8¢112 we performed further analyses of the photo-EIS spectra. Warburg
impedance is based on a simple linear diffusion model that follows Fick’s laws of diffusion and
exhibits a characteristic trend as a function of the logarithm of the frequency in both the
logarithm of the magnitude of the impedance, |Z|, of -1/2 and current and potential that are 45°
out-of-phase. Both of these effects are more easily visualized in Bode plots (Figure 2.10), which
present the change in magnitude of impedance and the phase shift of the voltage/current
relationship with respect to the frequency. The data clearly show trends for slope in |Z| of -1
with current and potential that are -90° out-of-phase, which is not consistent with a Warburg
impedance and is instead consistent with purely capacitive behavior. Thus, either the low-
frequency response is due to interfacial capacitance near the electrode|electrolyte interface or

that the diffusional process is more akin to a capacitor. At the 0.1 Hz frequencies analyzed,
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species are able to diffuse between the electrodes suggesting that the diffusion process is limited
by the counter electrode and thus is not semi-infinite as required for derivation of purely
Warburg diffusion. Limited/confined diffusion can be modeled at low frequencies by replacing
the Warburg element with a parallel RC circuit, where R stands for the diffusional mass-transport
resistance and C stands for the capacitance of the boundary that limits diffusion. Because the
boundary that limits diffusion is the counter electrode and two-electrode measurements are
performed, which report on behavior at both electrodes at all frequencies, the capacitor
representing the counter electrode is included in the capacitive element of the diffuse—double-
layer from the outset. Therefore, when the diffusion layer reaches the counter electrode, no
additional interfacial capacitance is introduced, and thus a Warburg impedance can be
represented by a resistor at low frequencies and under our experimental conditions.

In all cases the slope of the logarithm of |Z| magnitude versus the logarithm of frequency in
the Bode plot is closer to -1 rather than -1/2 and the phase change approaches -90° which shows
that either there is a large deviation from ideal Warburg diffusion or that it’s a different diffusion
system entirely, which could be hypothesized to be a finite or anomalous diffusion with an
absorbing finite boundary rather than an infinite. Using this information, the circuit model where
the diffusive Warburg element in the Randles circuit, has been replaced by a parallel RC circuit
element. The double layer and parallel diffusion capacitances are substituted for constant phase
elements, representing deviation from ideal capacitance of the system.

Furthermore, in two-electrode electrochemical measurements both electrodes are being
polarized and influenced at all frequencies and thus at low frequencies when the diffusion layer

reaches the other electrode, no additional interfacial capacitance is being introduced.
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Figure 2.10 Bode plots of dark and max light spectra from Nyquist plot of aqueous solutions of 1
and 10 mM sodium salts of (a) 1 mM HPTS (pH 4.2), (b) 10 mM HPTS (pH 4.0) (c) 1 mM HPTS(pH
9.7 from addition of equimolar NaOH), (d) 10 mM HPTS (pH 9.5 from addition of equimolar
NaOH), (e) 1 mM MPTS (pH 3.7), (f) 10 mM MPTS (pH 4.0) All data showing |Z]| slope close to -1

and phase shift of or close to -90°
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Combining the parallel diffusion constant phase elements in the equivalent circuit diagram
leaves two resistors in series, Rct and Raift, which add together to form the total charge transfer
and mass transfer diffusional resistance. The final simplified circuit model is shown in Figure 2.11,
where a constant phase element is used for the diffuse—double-layer capacitance to represent
slightly non-ideal capacitive behavior. The fits from the model are shown in Figure 2.9 with
additional data provided in Table 2.1. The fits were done using EC-LAB Version 11.27 impedance
fitting software from Bio-Logic Science Instruments (Method: Levenberg—Marquard, Weight:
|Z|, and 5000 iterations). Both light and dark data were simulated using the circuit model shown
in Figure 2.11b and data was tabulated as shown in Table 2.1. The values for solution resistance,
Rs, are taken from the real axis of the Nyquist plot at the intersection of the x-axis. The values for
the constant phase element, Cq, and the ideality factor were averaged for data in the light and

the dark because the values only differed by 0.8-1.5%.

(a) Cy (b) CPE4

— R H 4w [~ Retrdiff

Figure 2.11 (a) Randles equivalent circuit where Rs represents the electrolyte resistance, the
parallel capacitance, Cqq represents the capacitance of the diffuse—double-layer, Rc relates
to the charge-transfer resistance at the surface of the electrodes, and the Warburg element,
Zw, represents the diffusion impedance and (b) The simplified model used where Z,, has been
replaced by a parallel RC (Raife/Cairf) circuit representing diffusion. Rs represents the
electrolyte resistance, the parallel capacitance, Cqq is replaced with a constant phase
element relating to an imperfect capacitor and combined with the parallel Cqitf represented
in the Warburg element, Zw, and the R is combined with the series resistor element of the
Warburg impedance, Rqifr, and replaced with a resistor combining the charge transfer and the
diffusion in the system, Rct + giff.
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These average values were then used to remodel both light and dark spectra to study the
deviation in mass-transport resistance and charge-transfer resistance between dark and light. In
both 1 mM and 10 mM HPTS a 55% decrease in resistance is seen upon illumination.

The final values are shown in Table 2.2. The trends in the data are as expected in that under
illumination the sum of the charge-transfer resistance and the mass transport resistance
decrease. We think that the main contributor to this effect is mass transport because charge-
transfer reactions are likely facile at FTO. Moreover, experiments that included 1 uM Fe 3+/2+
redox couple in Milli-Q water exhibited a similar effect where charge-transfer resistance would

have been very small (Figure 2.9).
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Figure 2.12 Fits of photo-EIS data using EC-Lab Zfit by Biologic for (a) 1 mM HPTS, pH 4.2, (b) 10
mM HPTS, pH 4.0, (c) 10 mM MPTS, pH 4.0.
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Table 2.1 Data obtained for photo-EIS data using EC-Lab Zfit by Bio-Logic for HPTS and MPTS.
All components were varied except for the values for solution resistance, Rs, taken from the real

axis of the Nyquist plot at the intersection of the x-axis.

Material Circuit Element | Units Dark Deviation Light Deviation
1 mM HPTS Rs Q 51.7 x-int 51.8 x-int
CPEg Fes@1 | 15.62e-6 | .8978e-9 15.5e-6 1.117e-9
adi .9344 .5002 .9279 .5002
Ret+diff Q 794774 620.7 293889 146.2
Material Circuit Element | Units Dark Deviation Light Deviation
10 mM HPTS Rs Q 51.7 x-int 51.7 x-int
CPEq Fesel) | 17.38e-6 1.34e-9 17.13e-6 1.598e-9
adi 9151 .5002 9103 .5001
Rct+diff Q 548863 346.5 265735 67.88
Material Circuit Element | Units Dark Deviation Light Deviation
10 mM MPTS Rs Q 85.4 x-int 86.9 x-int
CPEq Festl) | 1551e-6 | 1.146e-9 15.27e-6 1.126e-9
adl .8763 .5001 .8738 .5001
Ret+diff Q 1.253e6 1353 1.238e6 1269

Table 2.2 The values for solution resistance, Rs, are taken from the real axis of the Nyquist plot
at the intersection of the x-axis. The values for the constant phase element, Cqg, and the ideality
factor were averaged for both and used to remodel both light and dark spectra with constant

values to study the deviation of resistance between dark and light measurements.

Material Circuit Element | Units Dark Deviation Light Deviation
1 mM HPTS Rs Q 51.7 x-int 51.8 x-int
CPEq Fesl) | 15 56e-6 15.56e-6
adl 9312 .9312
Rect+diff Q 812428 .01205 370124 .02845
Material Circuit Element | Units Dark Deviation Light Deviation
10 mM HPTS Rs Q 51.7 x-int 51.7 X-int
CPEq Fesl>l) | 17.26e-6 17.26e-6
ad 9127 9127
Rct+diff Q 532810 .01744 236290 .06075
Material Circuit Element | Units Dark Deviation Light Deviation
10 mM MPTS Rs Q 85.4 x-int 86.9 x-int
CPEg Fes@l) | 15.39¢-6 15.39e-6
adi .8751 .8751
Ret+diff Q 1.306e6 | 4.02e-3 1.319e6 3.978e-3
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2.4. Conclusions

The photoacidity of a well-known photoacid, 8-hydroxypyrene-1,3,6-trisulfonic acid
trisodium salt (HPTS; pyranine), was successfully measured using electrochemical impedance
spectroscopy. The electrochemical impedance spectra showed a significant decrease in
resistance between measurements performed in the dark and under illumination for various
concentrations of HPTS. Control measurements were performed using methoxylated HPTS,
sodium 8-methoxy-hydroxypyrene-1,3,6-trisulfonate (MPTS) and deprotonated HPTS to ensure
the change in photo-EIS spectra were due to changes in the concentration of protons and not
due to an artifact. These controls measurements showed no change between measurements
performed in the dark and under illumination. In addition, to support a change in the
concentration of protons under illumination was not manifest by a change in the ohmic
resistance in the cell, excess NaCl and excess HCl were added to the electrolyte and a change in
low-frequency resistance between measurements performed in the dark and under illumination
was still observed, with no noticeable change in the high-frequency resistance. Additionally, Mill-
Q water was used to ensure that deionized water was not having an unexpected effect on the
change observed in photo-EIS spectra with HPTS and showed a significant difference under
illumination. The only significant difference between samples using Milli-Q water and deionized
water was that the photo-EIS spectra under illumination with deionized water gradually grew
into a maximum change in low-frequency resistance and was static whereas the Milli-Q samples
featured an immediate growth and decay possibly due to the reduction of free ions in the solvent.

Alternating open-circuit potential measurements between photo-EIS measurements was an
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additional confirmation that there was a diffusion difference between electrodes upon

illumination.
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Chapter 3 Demonstration of Photoacidic

Quantum Dots
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3.1. Introduction

Photoacids are a class of molecules and polymers that exhibit a light-driven change in the
energetics of a protic bond so that a proton is energetically more likely to be dissociated in the
excited-state than in the ground-state.®?°”111 Their photochemical cycle for photo-induced
proton transfer consists of light absorption, proton transfer, relaxation to their ground states,
and reprotonation of their conjugate base form was first described by Grabowski and Forster in
the 1970s.5%!1 The first experimental demonstration of a photoacid was reported in 1931 by
Weber using fluorescence spectroscopy and so have been studied for over half a
century.51,6869,92,107,113,114 geyera| classes of photoacids exist, including those that undergo one or
several rounds of adiabatic excited-state deprotonation and reprotonation reactions to reach a
guasi-thermal equilibrium in their excited state, and termed excited-state proton transfer, and
those that undergo nonadiabatic reactions where deprotonation results in prompt/concerted
deactivation of the excited state.®1242¢ The properties of the former class of adiabatic photoacids
are easily quantified via a pH titration with detection by absorption spectroscopy and time-
resolved and steady-state photoluminescence spectroscopy.>®6%194115 Notably, in either case the
deprotonation reaction is reversible in that the ground-state of the photoacid can be regenerated
via a reprotonation reaction, which is analogous to a typical excited-state electron-transfer dye
sensitizer that can be regenerated by electron transfer. This trait sets this class of photoacid
molecules apart from photoacid generators used in photolithography, which undergo irreversible
proton transfer and cannot be used for photochemical energy conversion and net energy
storage.'® Moreover, analogous molecules and polymers exist that are classified as photobases

and photobase generators, which undergo analogous reactions as their photoacid analogs by
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either deprotonating a water or hydronium molecule''”'18 or releasing a hydroxide®-121 after
absorbing a photon.

Dawlaty et. al. recently demonstrated an electrochemical impedance spectroscopy technique
that qualitatively assessed whether a species in solution or in a hydrogel was photoacidic.®3 The
basis for the technique was that when photoacids are illuminated with steady-state irradiation
there is a change in the concentration of solvated protons, which should result in a decrease in
the resistance of the bulk solution and a decrease in the resistance of mass-transport-limited
processes at the electrode.?? Measuring decreases in solution resistance via changes in the
magnitude of the high-frequency impedance of the circuit is challenging because photoacids are
often highly charged molecules in order to increase their water solubility and attenuate their
aggregation. Surface-confined uncharged photoacids have not been previously studied.
Measuring decreases in mass-transport-limited resistance via changes in the magnitude of the
low-frequency impedance of the circuit is less challenging. However, this requires that the
concentration of species involved in the interfacial electron-transfer reactions on that low-
frequency timescale are perturbed significantly within the diffusion layer from an electrode. By
illuminating a transparent thin-pathlength electrochemical cell filled with a solution of
photoacids whose absorption profile follows the Beer—Lambert law, the largest number of
excited states are generated at one electrode and therefore, as long as the electrode is sensitive
to the local concentration of protons, a decrease in the low-frequency impedance should be
observed. Dawlaty and colleagues demonstrated the utility of this technique using a well-known

photoacid dye molecule, pyranine, dissolved in agueous solution and dissolved in a hydrogel.
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Recently, photoacids have been utilized in a new class of solar-energy conversion devices
where light absorption by photoacids results in power generation through ion transport.1% This
solar-energy conversion process is uniquely suited for application in a device for direct
desalination of salt water.'?®> The (protonic) semiconducting medium of these photovoltaic
devices is water, and assuming that water in these materials has the same properties as bulk
water, significant light absorption must occur over a very thin region in order for photogenerated
mobile protons (and/or hydroxides) to be effectively charge separated and collected, due to their
short collection lengths.'?* Because the rate of desalination is ultimately dictated by the rate of
photogenerated charge separation, photoacids must also absorb visible light strongly. These
conditions limit the choice of photoacids to only those with extremely large molar absorptivities
and broad spectral coverage, such as quantum dots, porphyrins, and related chromophores, each
with molar absorptivities on the order of 10° — 107 Mt cm,125-127

Motivated by the aforementioned information we set out to synthesize the first quantum dot
photoacid and demonstrate excited-state proton transfer, specifically through binding acidic
functional groups to CdSe quantum dot surfaces. We leveraged prior knowledge on II-VI
guantum dots to synthesize strongly absorbing quantum dots and used strategies imparted in
model photoacids, such as pyranine, to impart photoacidity. This includes the presence of many
water-solubilizing charged groups with extremely small pK; values, such as sulfonates, to
maintain a charged surface over a broad range of pH values. This also includes the presence of
fewer protic groups with moderate pK, values, such as benzylic alcohols, to serve as groups with
pKa values that can change upon photoexcitation. This also allows for photo-generation of a state

with a much larger dipole than in the ground-state via loss of electron density near the protic
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functional group, such as photoinduced charge-transfer states in donor—acceptor molecules, to
enable effective and large photoacidity. Therefore, through judicious choice of synthesis and
ligand exchange conditions we introduced water-solubilizing 2-mercaptoethanesulfonate (MES)
ligands and a smaller concentration of protic and dipolar 4-mercaptophenol (MPh) groups. The
energetics of surface-bound MPh groups are such that they can serve as electron-transfer donors
to excited-state CdSe quantum dots. This is supported by transient absorption data taken after
pulsed-laser excitation of CdSe thin films with MPh capping ligands deposited using SILAR on TiO;
that were consistent with a reduced nanocrystal and an oxidized 4-mercaptophenol ligand.”3128
The challenge to characterize the photoacidity of this class of chromophores is that this charge-
transfer state does not efficiently emit photons as the photophysical properties of CdSe QDs are
often affected by the addition of thiol capping ligands, particularly with MPh where the
photoluminescence is quenched.'?® Moreover, pH titration of these proposed quantum dot
photoacids resulted in few spectral changes that could clearly be ascribed to deprotonation
events at the 4-mercaptophenol ligands and/or degradation due to ligand loss due to the
instability of the quantum dots in extreme pH conditions.’®’” Because these spectra would also
serve as standard spectra for accurate identification of species formed transiently after
photoexcitation, this also precluded quantitative assessment of spectroscopic data obtained
using ultrafast transient absorption spectroscopy. Therefore, we utilized the recently developed
electrochemical impedance spectroscopy technique to definitively demonstrate that our new
class of quantum dot dyes were photoacidic. This represents the first demonstration of a

guantum dot photoacid.
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3.2. Experimental Methods

3.2.1. Materials

Cadmium oxide (CdO, 299.99%), oleic acid (OA, tech. grade, 90%), 1-octadecene (ODE, tech.
grade, 90%), selenium powder (99.99%), chloroform (anhydrous, 99+%), hexane (95%), and
ethanol (299.5%) were purchased from Aldrich. 3-mercaptopropionic acid (MPA), 4-
mercaptophenol (MPh), and 2-mercaptoethanesulfonate (MES) All chemicals were used as

received.

3.2.2. Electrochemical Impedance Spectroscopy

Our cell was modeled after that used by Dawlaty et. Al.,®3 with several adjustments noted
here, and was used to perform photo-electrochemical impedance spectroscopy (photo-EIS)
measurements and electronic absorption spectroscopy measurements. Briefly, a thin-pathlength
infrared (IR) spectroscopy liquid cell (Super-Sealed Liquid Cell, PIKE Technologies) was
constructed using cell windows that consisted of electrically conductive optically transparent
electrodes (fluorine-doped tin oxide-coated glass (FTO), Hartford Glass) separated by a 250 um
thick Teflon spacer. Electrical connections to the external circuit were made by contacting the
top edge of each FTO with a copper wire via intervening silver paint and covered with epoxy. Two
3/16-inch holes, aligned with the injection ports of the IR cell, were drilled in one piece of FTO to
allow for introduction of the photoacid-containing aqueous solutions. Prior to cell assembly, the
electrodes were thoroughly cleaned with ethanol and acetone and dried under a stream of Nx(g).

After cell assembly and compression by tightening the screws of the cell, 150uL of solution was
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injected to form a uniform layer, without air bubbles or separation, that was visible across the

entire cell window.

3.2.3. Electronic Absorption Spectroscopy

Electronic absorption spectra were acquired at room temperature using an ultraviolet—visible
absorption spectrophotometer (Cary 60, Agilent Technologies) with a resolution of 1 nm.
Electronic absorption spectra were measured by aligning the window of the cell in the optical
beam path, and spectra are reported versus a baseline spectrum taken on the cell filled with Mill-

Q and deionized water respective to the medium used as the solvent.
3.2.4. Photo-Electrochemical Impedance Spectroscopy (Photo-EIS).

The cell was aligned in a homebuilt Faraday cage that contained a small opening for cell
illumination. photo-EIS data were acquired from 0.1 to 10° Hz (4 points per decade and 10 mV
AC voltage amplitude) in the dark and under constant illumination. Incident light was generated
by a visible-light-emitting laser pointer (405 + 10 nm) calibrated using a Si photodiode (FDS100,
Thorlabs) to have a photon flux of 8.4 x 10> photon s and full-width-at-half-maximum beam
diameter of 1.96 mm, followed by a beam expander that slightly undrilled the cell window to

ensure near-complete illumination of the electrode over the area of the window.

3.2.5. Open Circuit Potential

The open circuit voltage (Voc) was measured using the two-electrode cell in alternation with
each photo-EIS measurement. Each open circuit potential measurement was measured for five

seconds and recorded every second with a resolution potential range of -2.5V; 2.5 V.
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3.2.6. X-Ray Diffraction

Grazing-incidence X-ray diffraction (GIXRD) data were collected using a Rigaku Smartlab

diffractometer with Cu Ka radiation and in parallel-beam geometry.

3.2.7. Fourier Transform Infrared Spectroscopy

Fourier-transform infrared spectroscopy in attenuated total reflectance (ATR) detection
mode was performed on a Jasco FT/IR-4700 spectrophotometer equipped with a monolithic
diamond ATR crystal. Spectra were acquired with a resolution of 1 cm~ and an acquisition time
of 74 s, and spectra are reported versus a baseline spectrum taken on methanol for all ligand

exchanged quantum dots and chloroform for CdSe-oleate.

3.2.8. CdSe Nanocrystal Synthesis

CdSe quantum dots were synthesized following a previously reported method with some
modifications.®% A 50 mL three-neck round bottom flask was equipped with a vacuum outlet in
the central port, and two rubber septum’s in each side port with athermometer in one to monitor
the temperature of the solution. In the 50 mL three-neck round-bottom, cadmium oxide (4 mmol,
0.516 g), 22 mmol oleic acid (6.38 g) and 25 g octadecene were mixed, degassed by placing under
a vacuum, while stirring, and heated to 100 °C with a heating mantle. The solution was then
placed under N, atmosphere, pumped and purged three times, and heated to 260 °C with a
heating mantle under N, until the solution was transparent indicating the formation of
Cd(oleate),.2? The black-colored selenium precursor solution, made by dispersing Se powder (2
mmol ,0.16 g) in 5 mL 1-octadecene, was then injected with a syringe into the solution through

the rubber septum. The combination of colorless and black-colored solutions quickly turned a
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bright orange—red color. After several minutes, the heating mantle was removed, the reaction
was removed from N, and hexane was added to the solution to quench nanocrystal growth. The
guantum dots were precipitated using hexane and ethanol through multiple rounds of
centrifugation. The suspension was then decanted and dried under vacuum overnight. The
powder X-ray diffraction pattern and ultraviolet-visible spectrum are consistent with the
formation of zinc-blende CdSe quantum dots of the F43m space group and confirm a diameter
of 2.5 nm (Figure 3.1). The synthesis was also confirmed by Fourier Transform Infrared
Spectroscopy as shown in Figure 3.2. The FTIR spectrum for CdSe-oleate, Figure 3.2a, exhibits
peaks at 2919 and 2844 cm™ corresponding to C-H stretches, and peaks at 1537 and 1489 cm™
are indicative of COO™ and can be attributed to the complexation of the group to Cd?* centers.'?°
The lack of broad OH stretches between 2500 and 3550 cm™ confirm that the carboxylic acid
groups of the oleic acid are bound to the surface of CdSe and the lack of a peak ~1700 indicating

there is no free oleic acid present.'?®

3.2.9. Ligand-Exchange Protocols

Ligand exchanges were performed using literature procedures,’3%%31 with the following
modifications, shown in Figure 3.3. For synthesis of (2-mercaptoethanesulfonate)-capped CdSe
guantum dots (CdSe-MES), purified CdSe quantum dots (20 mg) were suspended in 2 mL of
chloroform and added to 15 mL of methanol solution containing 300 mg MES. The solution was
refluxed overnight at 60 °C. The surface-modified QDs were then purified by sonication of the
solution in an ultrasonic bath for approximately 5 min, until the mixture was sufficiently
homogenous, followed by centrifugation at 12,000 rpm for 45 min in order to separate the

guantum dots and to remove chloroform and excess MES. The FTIR spectrum for CdSe-MES,
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Figure 3.1 Powder X-ray diffraction patterns and thin-film X-ray
diffraction patterns for CdSe quantum dots.

Figure 3.2b, exhibit strong peaks at 1178 and 1040 cm™ corresponding to symmetric and
asymmetric sulfonate stretches. The peak at 2924 cm™ is indicative of a sulfur connected to a
hydrocarbon chain and the broad peak at 3390 cm™ is from methanol used in the synthesis and
purification of the quantum dot. The presence of a peak at 1634 cm™ indicates that there is free
oleic acid still present and possibly still complexed to a small extent.

For synthesis of CdSe quantum dots with 4-mercaptophenol (CdSe-MPh), purified CdSe
guantum dots (20 mg) were suspended in 2 mL of chloroform and added to 5 mL of deionized
water. A drop of 10 mM NaOH was added to the solution and then the solution was stirred until
the water layer turned orange in color and the chloroform layer became clear. The MPh-capped
ligands were washed with methanol, centrifuged at 12,000 rpm for 45 min to separate the
guantum dots from excess MPh, and allowed to dry. The FTIR spectrum for CdSe-MPh exhibits a
peak at ~3000 cm™ from the methanol used in the washing but is broader due to the aromatic

hydroxyl group on MPh as well as the aromatic sulfur bound to the surface of CdSe which is
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Figure 3.2 Fourier-Transform Infrared Spectroscopy for each CdSe quantum dot used in this
study: (a) As synthesized CdSe with oleic acid capping ligands, CdSe-oleate, (b) CdSe with 2-
mercaptoethanesulfonate capping ligands, CdSe-MES, (c) CdSe with 4-mercaptophenol
capping ligands, CdSe-MPh, and (d) CdSe with mixed capping ligands, CdSe-MES/MPh.
typically found in the same region. Peaks corresponding to the aromatic ring are observed at ~
3000 cm for aromatic C—H stretches and peaks corresponding to C—C stretches are observed at
1570 cm and as a doublet at 1456 cm™.

For synthesis of CdSe quantum dots with mixed ligands of 2-mercaptoethanesulfonate and 4-
mercaptophenol (CdSe-MES/MPh) the ligand-exchange procedure for CdSe-MES was performed

but an equivalent molar amount of 4-mercaptophenol was also added into the round-bottom

flask. The FT-IR spectrum for CdSe-MES/MPh seems to exhibit more MES character than MPh
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although the synthesis was performed using an equimolar amount of each. The broad O—H peak
seen in CdSe-MPh decreased in size and shifted to 3446 cm™ to more closely resemble CdSe-MES.
The peaks at 1180 and 1029 cm™ correspond to the MES ligand, however the peaks are distorted
and slightly shifted in comparison to the FTIR of MES. The appearance of doublets at 1609 and
1186 cm™ where the MES also shows peaks indicates that the distortion is caused by MPh.
Further confirmation is presented in the next section from data obtained by electronic absorption

spectroscopy.

3.3. Results and Discussion

CdSe quantum dots capped with oleate ligands were synthesized using modified literature
procedures. Their electronic absorption spectrum when dissolved in chloroform exhibited a peak
at 516 nm, which is consistent with a size of ~2.5 nm,%>7>8082132 545 \we|| as two additional
absorption peaks at 415 nm and 469 nm (Figure 3.4a). Using modified literature procedures,
these ligands were replaced with either MES — as a control dye — or mixed MES-MPh ligands — as
a proposed photoacid dye. The electronic absorption spectrum of CdSe-MES exhibited a peak at
519 nm, representing a small bathochromic shift from that of oleate-capped CdSe, a shoulder at
476 nm, representing a small bathochromic shift from that of oleate-capped CdSe, a peak at 421
nm, and a slight shoulder at 469 nm where a peak was observed in the oleate-capped CdSe

spectrum.
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Figure 3.4 Electronic absorption spectra of (a) CdSe-oleate (b) ligand-
exchanged CdSe.

The mixed-ligand quantum dot exhibited a peak at 527 nm, representing a larger bathochromic
shift from the CdSe-oleate quantum dot, a shoulder at 432 nm, and no clear indication of the first
excitonic peak in the 470 nm range. Photoluminescence could not be detected from any of the
samples (Figure 3.4b).

Electrochemical impedance spectroscopy was used to measure the change in low-frequency
impedance of the electrochemical cells in the dark and under illumination from a 405 nm light-
emitting diode. Figure 3.5 shows the impedance response from solutions of CdSe quantum dots
with different ligands. As a comparison, we measured the impedance response of the native
CdSe-Oleate quantum dots where we did not expect to see a photoinduced change in the Els
spectrum. Moreover, due to their low solubility in water these data were measured using
chloroform as the solvent, which resulted in much more noisy data due to the low conductivity

of the solution. The trend in the shape of the data is consistent with a decrease in the charge-
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transfer resistance by ~38%, plus other smaller effects. This effect is not observed in the ligand-
exchanged samples. In the dark, all ligand-exchanged samples exhibit the same shaped-
impedance spectrum which is analogous to that observed using control photoacid pyranine. Also
analogous to control photoacid pyranine, illumination caused changes in the low-frequency
region rather than the high-frequency region, which is consistent with a decrease in the
diffusional mass transport resistance at the electrode as described in Chapter 2.

For the quantum dots that lack protic functional groups, CdSe-MES, there is only a small
change in the photo-EIS spectra between condition in the dark and under illumination. For the
quantum dots that contained protic functional groups, CdSe- MPh and CdSe-MES/MPh, the
action of light clearly decreased diffusional resistance. In the case of CdSe-MPh, the change is
much larger than when the ligands are mixed in CdSe-MES/MPh, but that is expected based on
the photo-inactivity of CdSe-MES. Although the effects of light on the photo-EIS spectra are
smaller for the mixed-ligand CdSe-MES/MPh, the addition of MES to the quantum dots allows for
higher solubility and stability in solution. This provides clear evidence that we have, for the first
time, demonstrated photoacidity from a quantum dot.

While the recently demonstrated electrochemical impedance spectroscopy technique
utilized herein conclusively demonstrates that the quantum dots are photoacidic, we performed
several control and additional measurements with a known photoacid, pyranine, to further
support our claims. Because transport of protons is significantly faster than mass transport of
photoacids, any electrode should be sensitive to the local change in ionic charge distribution upon
photoexcitation, which would be manifest by a change in the open-circuit potential of the cell.

Moreover, because excited-state photoacids are stronger electron-transfer reductants and
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stronger electron-transfer oxidants than in their ground-states, a similar change in the open-

circuit potential of the cell should result, but without a change in low-frequency impedance.
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Figure 3.5 Time-dependent photo-EIS spectra plotted as a Nyquist plot for (a) CdSe-oleate
guantum dots dissolved in chloroform, (b) CdSe-MES dissolved in deionized water (pH 4.23),
(c) CdSe-MPh dissolved in deionized water (pH 4.55), and (d) CdSe-MES/MPh dissolved in
deionized water (pH 4.28) showing dark equilibrated photo-EIS spectra (black) and photo-
EIS spectra measured successively over time until a maximum separation is observed under
illumination (green-to-blue).
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(c) CdSe-MES/MPh in DI water, pH 4.28
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Figure 3.6 Open circuit potential data plotted over time taken in alternation with PEIS data (a)
CdSe--MES dissolved in deionized water ( pH 4.23), (b) CdSe-MPh dissolved in deionized water
(pH 4.55), and (c) CdSe-MES/MPh dissolved in deionized water (pH 4.28) showing Voc spectra
in dark (black) and under continuous illumination. Light is shown as a green to blue for
increasing time corresponding to identical color EIS data.
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In addition, if both sides of the electrochemical cell are illuminated simultaneously with the
same photon fluence, photoacidic behavior should result in a doubling of the decrease in the low-
frequency impedance, while open-circuit potential changes due to either phenomenon should
cancel out between the electrodes and result in little-to-no change. The open-circuit
measurements are shown in Figure 3.6. In Figure 3.6c, for CdSe-MPh the maximum photo-EIS
signal is seen immediately upon the first scan (1) and decreases thereafter (2).

In addition, Bode plots can be constructed using the photo-EIS data to allow us to analyze the
phase and |Z| magnitude. The slope of the |Z| magnitude data and value for the phase confirm
that the low-frequency data can be modeled with a parallel RC circuit element in place of the
Warburg impedance element. Furthermore, because the experiments are performed using two-
electrode measurements, this capacitance in the RC circuit can be removed. Thus, the Randles
circuit used to analyze the photo-EIS data consisted of a constant phase element to model the
diffuse—double-layer capacitance in parallel with a resistor to model the diffusional mass-transfer
resistance and charge-transfer resistance. The Bode plots and circuit model are shown in Figure

3.7.
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Figure 3.7 Time-dependent photo-EIS spectra plotted as Bode plots for (a) CdSe--MES dissolved
in deionized water at pH 4.23, (b) CdSe-MPh dissolved in deionized water at pH 4.55, and (c)
CdSe-MES/MPh dissolved in deionized water at pH 4.28. showing dark equilibrated photo-EIS
spectra (solid) and photo-EIS spectra at the maximum separation under illumination (dotted).
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The fits from the model are shown in Figure 3.8 with additional data provided in Table 3.1.
The fits were done using EC-LAB Version 11.27 impedance fitting software from Bio-Logic Science
Instruments (Method: Levenberg-Marquard, Weight: |Z|, and 5000 iterations). Both light and
dark data were simulated using the circuit model shown in Figure 3.7 and data was tabulated as
shown in Table 3.1. The values for solution resistance, Rs, are fixed based on the intersection of
the data in the Nyquist plot with the x-axis. The values for the constant phase element, Cq, and
the ideality factor were averaged for both and used to remodel both light and dark spectra with
constant values to study the deviation of resistance between dark and light measurements. The
final values are shown in Table 3.2.

The values for solution resistance, Rs, are taken from the real axis of the Nyquist plot at the
intersection of the x-axis. The values for the constant phase element, Cq, and the ideality factor
were averaged for data in the light and the dark because the values only differed by 4.7 — 9.0%.
These average values were then used to remodel both light and dark spectra to study the
deviation in mass-transport resistance and charge-transfer resistance between dark and light.
The final values are shown in Table 2.2.

The trends in the data are as expected in that under illumination the sum of the charge-
transfer resistance and the mass transport resistance decrease. This is similar to the results
presented in Chapter 2 where a 55% decrease in resistance was seen for both 1 mM and 10 mM
HPTS. The CdSe-MPh nanocrystal showed a 57.6% decrease in resistance whereas the mixed
ligand, CdSe-MES/MPh, exhibited about half that at 23%. This is reasonable considering the
ligand exchange synthesis was done using a 1:1 molar ratio of each and the CdSe-MES exhibits

no significant change in resistance.
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Figure 3.8 Fits of EIS data using EC-Lab Zfit by Biologic for (a) CdSe-MES, (b) CdSe-MPh, (c) CdSe-
MES/MPh

68



Table 3.1 Data obtained for photo-EIS data using EC-Lab Zfit by Biologic for HPTS and MPTS. All
components were varied except for the values for solution resistance, Rs, taken from the real
axis of the Nyquist plot at the intersection of the x-axis.

Material Circuit Element | Units Dark Deviation Light Deviation
CdSe-MPh Rs Q 168 x-int 168 x-int
CPEq Fes@1) | 25.4e-6 2.313e-9 | 23.37e-6 | 2.553e-6
adi .9189 .5002 .8964 .5001
Ret+diff Q 209379 65.95 106218 4.256
Material Circuit Element | Units Dark Deviation Light Deviation
CdSe-MES Rs Q 95.4 x-int 96.2 x-int
CPEq Fesl | 17.35e-6 .910e-9 | 16.57e-6 | .8212e-9
adi .9501 .5003 .9497 .5001
Ret+diff Q 817174 831.3 895673 911
Material Circuit Element | Units Dark Deviation Light Deviation
CdSe- Rs Q 73.1 x-int 72.9 x-int
MES/MPh CPEqi Fes@1 | 2328e-6 | 2.178e-9 |22.08e-6 | 2.178e-9
adl .9337 .5003 .935 .5003
Ret+diff Q 394449 333.2 288316 154.7

Table 3.2 The values for solution resistance, Rs, are taken from the real axis of the Nyquist plot at
the intersection of the x-axis. The values for the constant phase element, Cg, and the ideality
factor were averaged for both and used to remodel both light and dark spectra with constant
values to study the deviation of resistance between dark and light measurements.

Material Circuit Element | Units Dark Deviation Light Deviation
CdSe-MPh Rs Q 168 x-int 168 x-int
CPEg Fes(®1) | 24.39¢e-6 24.39%e-6
ad .9077 .9077
Rect+diff Q 253844 .03078 107724 .2485
Material Circuit Element | Units Dark Deviation Light Deviation
CdSe-MES Rs Q 95.4 x-int 96.2 x-int
CPEg Fes®1) | 16.96e-6 16.96e-6
adl .9499 .9499
Rect+diff Q 8.1e5 .01129 7.9e5 .0119
Material Circuit Element | Units Dark Deviation Light Deviation
CdSe- Rs Q 73.1 x-int 72.9 x-int
MES/MPh CPEg Fes(®1) | 22.68e-6 22.68e-6
adl .9344 .9344
Rect+diff Q 377939 .02221 291082 .02911
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3.4. Conclusions

Confirmation of the first photo-acidic quantum dot was demonstrated using electrochemical
impedance spectroscopy measurements in the dark and light. As seen with previous
confirmations using known photoacids, the electrochemical impedance spectroscopy data
presented a definitive change in the low-frequency impedance data between conditions in the
dark and under illumination. In addition, the CdSe-MES nanocrystal was used as a control, as
MES is used as a water-solubilizing ligand and exhibited no change between dark and light
conditions.  Ligand exchange of CdSe-oleate quantum dots with water-solubilizing 2-
mercaptoethanesulfonate and the photoacidic ligand, 4-mercaptophenol, was completed and
characterized using electronic absorption spectroscopy, Fourier-Transform infrared
spectroscopy, and X-ray diffraction. The trends were consistent with decrease in the mass-
transport resistance of protons under illumination due to their photo-generation via optical
excitation that followed the Beer—Lambert law. Open-circuit potential measurements in the light

and dark further confirmed this hypothesis.
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