On the Characterization of Small Iridium Oxide Nanoparticles

Alessa An Gambardella

A dissertation submitted to the faculty of The University of North Carolina at Chapel Hill in
partial fulfillment of the requirements for the degree of Doctor of Philosophy in the
Department of Chemistry (Analytical Chemistry)

Chapel Hill
2013

Approved by:
Royce W. Murray
R. Mark Wightman
James W. Jorgenson
Joseph L. Templeton
Maurice S. Brookhart

© 2013
Alessa An Gambardella
ALL RIGHTS RESERVED

ii

ABSTRACT
ALESSA AN GAMBARDELLA:
On the Characterization of Small Iridium Oxide Nanoparticles
(Under the Direction of Professor Royce W. Murray)

Chapter One provides a general introduction of the research on iridium oxide bulk
and nanoparticles, highlighting their function as water oxidation electrocatalysts. Emphasis
is given to the importance of nanoparticle characterization to support the utility of
nanoparticles with unique function. The accomplished work in the area of gold nanoparticles
is summarized, providing a strong foundation for the methods employed throughout this
dissertation. Furthermore, the challenges of developing methodology to investigate a mostly
uncharacterized small metal oxide nanoparticle, namely an iridium oxide nanoparticle (IrOX
NPs) ~2 nm in diameter, are addressed.
Chapter Two describes the pH dependence of the redox couples of freely-diffusing
IrOX NPs as compared to electrofloccuated films using cyclic voltammetry, among other
electroanalytical methods.

Despite being produced from the same nanoparticles, the

dependence of the redox couples of diffusing IrOX NPs, while holding similarities, has
dramatic differences from that of IrOX NP films. Such variation is attributed to changes in
surface pKa, as discussed in detail.
Chapter Three observes the electron transfer kinetics of IrOX NPs attached to selfassembled monolayers (SAMs) on planar gold electrodes. Varied lengths of carboxylic acid
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terminated SAMs, which provide a means for IrOX NP association, demonstrate that the
electron transfer properties of the iridium IV/III couple and water oxidation (as catalyzed by
IrOX NPs) depend on chain length. Modified Butler–Volmer theory is used to determine
apparent rates constants.
Chapter Four details carboxylic acid association at the IrOX NP surface, which
renders organic solubility, as driven by solvent extraction conditions. The results show
strong dependence on pH and indicate that the surface of the IrOX NP plays a significant role
in determining association. While UV–Vis spectrophotometry is the predominant method for
analysis, 1H-NMR spectroscopy is also employed providing unique insight into the poorly
understood surface properties of IrOX NPs.
Chapter Five investigates size and dispersity of IrOX NPs, both aqueous and organic
soluble, using matrix-assisted laser desorption/ionization (MALDI) mass spectrometry.
Comparison is made with transmission electron microscopy (TEM) analysis. The difficulties
in accurately characterizing the size of small, polydisperse nanoparticles using these two
methods are addressed while also noting the lack of further sufficient techniques for such
measurement.
Chapter Six studies the optical, catalytic, and electron transfer properties of IrOX
NPs coupled to a ruthenium chromophore using spectroelectrochemistry, photolysis, and
transient absorption spectroscopy. This chromophore–catalyst assembly is prepared in a
layer-by-layer fashion that allows for the individual components to be easily analyzed for
direct comparison.
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In loving memory of my grandfather, D,
whose wise words I tried to remember through my journey toward my Ph.D.:
“Graduate school is an adventure, enjoy it.
Learning is exciting and leads to an exciting life.”
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CHAPTER 1
The Challenge of Characterizing Small Nanoparticles
1.1 Introduction
To exploit the utility of small (< 5 nm) nanoparticles for a wide range of
applications—such as drug delivery, nanoelectronics, and electrocatalysis—it is essential to
develop means of quantitative nanoparticle characterization.1 Complete characterization,
down to a specific formulaic composition, allows for an understanding of how a
nanoparticle’s function is influenced by its properties, including chemical structure, size,
shape, composition, and surface chemistry.2

Due to the inadequacy of conventional

characterization methods for the analysis of small nanoparticles, new methodologies must
often be developed that are tailored toward specific nanoparticles of interest.
The research herein has focused on characterizing iridium oxide nanoparticles (IrOX
NPs, ca. 2 nm), which show promise for application in the field of renewable energy,
specifically in solar cell development. The opportunity arises due to the high activity of IrOX
NPs as electrocatalysts for water oxidation. Little is known, however, with regard to the
IrOX NP composition, structure, fundamental properties, and mechanistic involvement in
water oxidation. The work discussed in this dissertation has unraveled previously unknown
physical and chemical properties of IrOX NPs using electroanalytical techniques, nuclear

magnetic resonance spectroscopy (NMR), matrix-assisted laser desorption/ionization
(MALDI) mass spectrometry, and other analytical methodologies.
To prepare the reader for the scope of this dissertation, a brief background of the
research on iridium oxide bulk and nanoparticle materials, as motivated primarily by their
function, is presented. Additionally, the initial research performed in the Murray lab on
iridium oxide nanoparticles (ca. 2 nm) is highlighted as the foundation for this project. This
introductory chapter then continues with a summary of the successes in small metal
nanoparticle characterization, providing motivation for approaching a new nanoparticle of
interest. The chapter closes by addressing the challenges that are faced when exploring the
properties of a metal oxide nanoparticle where few properties are previously understood.

1.2 Overview of Iridium Oxide
Iridium oxide has a range of unique properties that have made it a topic of interest for
many years. Since the 1970s, studies have focused on iridium oxide for its electrochromic
properties, pH sensing abilities, and catalytic activity toward water oxidation. In more recent
years, as the field of nanoscience matured and interest in renewable energy expanded,
research in the area of iridium oxide nanoparticles as water oxidation catalysts gained
attention. The following discussion provides an overview of the study of iridium oxide from
films to nanoparticles.
1.2.1 Iridium Oxide (IrO2) Films
First reported in 1975, by Buckley and Burke,3 films of hydrous iridium oxide (IrO2)
exhibit unique color changes as their oxidation states vary. Similar to a battery, these
“electrochromic cells” switch from a deep blue color when oxidized to colorless when
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reduced.3–5 Over the years, films of IrO2 were prepared in a variety of ways—such as
potential cycling,4 anodic electrodeposition,6,7 sputtering,8 iridium chloride spraying,9 and
sol-gel dip-coating10—and their subsequent functionalities studied. 6,9,10
During these initial electrochromic studies, it was also found that the redox properties
of IrO2 are strongly pH dependent. 4,7,11 Consequently, there are many reports focused on
using IrO2 films as a means for measuring pH, even in recent years.12–14 Studies again
included varying the methods of film formation to ultimately produce a stable film for pH
measurement across a wide range. It was also determined that IrO2 films demonstrate
catalytic activity toward oxygen evolution (i.e., water oxidation),15,16 which will be discussed
in more detail in the next section. Only a few reports8,17–19 have shown interest toward
understanding the fundamental properties behind the processes rather than merely the
possible applications.
1.2.2 Iridium Oxide Nanoparticles as Electrocatalysts for Water Oxidation
While renewable, carbon-neutral energy has been a topic of study for quite some
time, it has recently drawn increased attention as the limit of the earth’s resources and the
adverse effects of carbon dioxide emissions have become more of a reality. Unfortunately,
this problem is not easily solved as it involves many factors worth consideration and various
chemical and physical obstacles.20–24

The dye-sensitized photoelectrosynthesis cell

(DSPEC)25,26 is one type of solar cell being actively investigated that converts solar energy
into useable fuel through the splitting of water into hydrogen and oxygen, as shown in Figure
1.1.27 While it has many similarities with a dye-sensitized solar cell (DSSC),24,28–31 the
DSPEC converts solar energy to energy stored in the form of chemical bonds rather than
producing photocurrent, thereby providing conversion and storage in one device.
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Figure 1.1 Dye-sensitized photoelectrosynthesis cell with water oxidation occurring at the
photoanode upon excitation of a chromophore with solar energy and reduction of protons to
hydrogen fuel at the cathode. Modified from report by Meyer.24
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One key component of the DSPEC is the oxidation of water to oxygen at the
photoanode, one half-reaction of water splitting with a thermodynamic potential at 0.62 V vs.
Ag/AgCl (at pH 7 and 1 atm O2).32 Unfortunately, the reaction is greatly limited by slow
electrode kinetics. As a consequence, electrolysis requires a significant overpotential (!), or
potential beyond the thermodynamic potential, to drive the reaction forward at desirable
rates. The hope is that water oxidation will ultimately proceed in a solar cell with sufficient
energy provided by the sun. To make water splitting more useful as a means for producing
energy, an electrocatalytic approach—as that shown in the DSPEC of Figure 1.1—is being
sought that would eventually lead to considerable O2 evolution with a reduced overpotential.
For the investigation of water oxidation without the complexities of the entire DSPEC
system, many researchers apply anodic potentials to drive water oxidation at electrode
surfaces coated in catalyst candidates.32
Investigations of iridium oxide nanomaterials as water oxidation catalysts began in
the 1970s and 1980s. For instance, Grätzel, well-known for developing the dye-sensitized
solar cell (DSSC), and coworkers were among the researchers who initially investigated IrO2
colloids for their catalytic activity toward water oxidation; cerium IV was used as a chemical
oxidant to obtain the high valent, catalytic iridium state (i.e., IrVI).33,34 Grätzel continues
related studies in the area today.35 Additionally, Harriman and coworkers36–38 studied IrO2
colloids (stabilized with citrate) as water oxidation catalysts while also observing their redox
chemistry.
Recently, as interest in renewable energy has grown, more extensive research has
been performed on iridium oxide nanoparticles.

For instance, Yagi and coworkers39–41

studied films of citrate-stabilized iridium oxide nanoparticles (dia. ~75 nm) self-assembled
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on tin-doped indium oxide (ITO) electrodes. These films resulted in water oxidation at 1.3 V
(vs. Ag/AgCl, at pH 5.3 and 0.5 mA/cm2), approximately ! = 0.58 V, giving the lowest
reported value at that time. Despite such success, only ~16% of the iridium sites within the
nanoparticles were active, suggesting that not all are reached in such large nanoparticles.
The most recent work in the area of iridium oxide for water oxidation catalysis has
involved small, < 5 nm, iridium oxide nanoparticles (IrOX NPs). Here IrOX is used in place
of IrO2 as neither the structure nor composition is known. Consequently, it cannot be
assumed that IrOX NPs behave as IrO2 bulk material, especially with prior knowledge that
small nanoparticles, in general, typically demonstrate different properties than their bulk
counterparts.2
Active in the area of IrOX NP research are Mallouk and coworkers.42–53 In one report,
surfactants, or molecules thought to cap the IrOX NP surface, were surveyed to determine
optimum stability against aggregation.47 Properties including size, color, and aggregation
propensity, as analyzed by transmission electron microscopy (TEM) and ultraviolet–visible
spectrophotometry, were seen to change when the carboxylic acid surfactant present during
the IrOX NP synthesis was varied. In the study, the surfactant providing the best stabilization
(i.e., IrOX NPs remain suspended in solution) was bidentate dicarboxylate; it led to 1–5 nm
diameter and well-dispersed nanoparticles.

Additionally, the Mallouk lab demonstrated

sunlight driven water oxidation (with an aiding potential bias) using IrOX NPs capped in
bidentate dicarboxylates tethered to a photosensitizer (e.g., a ruthenium complex) and
subsequently bound to titanium dioxide (TiO2).46
In contrast to many of the studies described above, the Murray lab is interested in
understanding fundamental properties. While one tactic toward developing a device, such as
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a DSPEC, is to screen a variety of conditions and measure the resultant function, we are
invested in another approach.

Our goal is to characterize the physical and chemical

properties of IrOX NPs, which undoubtedly underlie function, and consequently, provide a
guide toward optimization. In our humble opinion, a device is much more valuable if it has
not only a function that is useful but also a function that is well understood.
1.2.3 Early Investigations of Iridium Oxide Nanoparticle (ca. 2 nm) Properties
The Murray lab follows a synthesis described by Wohler et al. in 1908,54 whereby
IrOX NPs are synthesized from iridium (IV) salt merely in the presence of sodium hydroxide;
this synthesis is detailed in Chapter 2. Unlike the synthetic reports for aforementioned IrOX
NPs, this procedure is unique in that it does not require the addition of a stabilizing
surfactant. For the remainder of this dissertation, IrOX NPs will refer to the surfactant-free
IrOX NPs synthesized in the Murray lab following the Wohler procedure. The Wohler
synthesis produces a solution (pH 13) that is clear blue with ca. 2 nm diameter, spherical
IrOX NPs, as shown in Figure 1.2. In 24 h, the IrOX NP solution stabilizes to pale bluepurple with an absorbance peak at ~570 nm and a resting potential indicative of iridium IV.
As will be discussed in the remainder of this section, the IrOX NPs have three readily
accessible redox couples: IV/III, V/IV, and VI/V. The initial studies in our group focused on
the electrochemical properties of the IrOX NPs both as films, paralleling other iridium oxide
reports, and also in solution.
Films of IrOX NPs on glassy carbon (GC) electrodes are readily formed by holding an
anodic potential in the region of water oxidation that results in IrOX NP deposition while
retaining the individual size and shape of the NPs, otherwise known as electroflocculation.
In fresh electrolyte solution, these films lead to water oxidation through IrVI at merely
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(a)!

(b)!

2 nm

Figure 1.2 (a) High resolution transmission electron microscope (HR-TEM) image of assynthesized IrOX NPs with average diameter = 2.0 ± 0.2 nm. (b) Photograph of IrOX NP
solution immediately following synthesis.
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! = 0.25 V (vs. Ag/AgCl, at pH 7.0 and 0.5 mA/cm2) with 100% current efficiency and
similar turnover rates to those of Yagi’s work.32 When placed in buffering solutions at
various pH, a near Nernstian pH dependence of the formal potential for each redox couple
during cyclic voltammetry (CV) is observed, as shown in Figure 1.3.32 A similar dependence
is subsequently observed for the overpotential of water oxidation. Such findings complement
the proton-transfer properties (i.e., pH measuring capabilities) of the IrO2 films previously
discussed.
Additionally, IrOX NPs also demonstrate electrocatalytic behavior as they are
oxidized to IrVI while diffusing in solution, providing a unique example of redox-mediated
electrocatalysis.55 It was determined that 100% of the Ir sites are redox active, in drastic
comparison to Yagi’s report, implying that the smaller IrOX NP size allows for access to each
Ir site.

Rotating Disk Electrode (RDE) and Rotating Ring-Disk Electrode (RRDE)

experiments of freely-diffusing IrOX NPs, much like those of their films, reveal that water
oxidation is achieved at a low overpotential of 0.29 V and with 100% current efficiency. Of
note, the study of catalysis with freely-diffusing IrOX NPs must avoid film formation that
readily occurs at the potentials required for water oxidation. The prevention of IrOX NPs
from readily electroflocculating during solution experiments was achieved through rotating
the electrode.
Upon analyzing the voltammetry from solution studies, the three distinct redox
couples of the IrOX NPs can be identified, with the drastic increase in current illustrating that
the IrOX NPs act as redox catalysts for water oxidation when in the IrVI state (Figure 1.4). A
schematic representation (Figure 1.4, inset) of this catalysis has been proposed,55 yet the
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Figure 1.3 Cyclic voltammogram (20 mV/s) of IrOX NPs electroflocculated from assynthesized solution (pH ~13) onto a glassy carbon electrode in electrolyte solutions at pH
1.5 (red), 5 (yellow), 7 (blue), 10 (purple), and 13 (black). Electrolyte solutions contained
H2SO4 for pH 1.5, NaOH for pH 13, and 1.0 M phosphate buffer for pH 5, 7, and 10.32
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Figure 1.4 Cyclic voltammogram (20 mV/s) of as-synthesized IrOX NPs (pH ~13) freely
diffusing in solution to a platinum electrode. Inset, scheme representing IrOX NPs mediating
water oxidation.
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mechanism still remains unknown. Also, cyclic voltammetry (CV) was performed for the
freely-diffusing IrOX NPs while avoiding the film formation potential region. With respect
to scan rate (!), the peak potential separation (!EPEAK) shows little dependence and the peak
current (ip) shows a square root dependence, revealing nearly reversible and diffusioncontrolled behavior of the system.55 Further studies on this redox-mediated process have
been performed by Bard and coworkers through observing single IrOX NP collisions at
electrode surfaces during water oxidation, which revealed transient sticking.56,57
Continuing to study the redox chemistry will lend further information regarding the
IrOX NP electronic properties.

Additionally, to accomplish further characterization,

expanding analysis beyond electroanalytical techniques is necessary.

Investigating the

physical and chemical properties in spite of and alongside of catalytic motivations will
greatly aid in the optimization of the catalytic function of IrOX NPs. Furthermore, research
aimed toward developing characterization methods for IrOX NPs provides a new avenue for
contributing to the utility of other, small nanoparticles by guiding “structure–function”
relationships.

1.3 Characterization of Small Nanoparticles
When researchers became interested in not only the function of various small
nanoparticles but also the fundamental characteristics guiding such function, it was quickly
realized that the analysis of small nanoparticle properties is not a simple feat. As the field of
nanoscience has continued to grow, so too have the number of reports on nanoparticle
characterization, yet streamlined methods (like those for molecular complexes or bulk
materials) have since not been developed for small nanoparticles. In this section, the reader

12

will be introduced to the techniques that have unveiled properties of small gold nanoparticles
to become more familiar with the task at hand. Particular focus will be given to obstacles
faced and methodology employed.
To narrow the discussion, emphasis will be given to small gold nanoparticles of
diameter near 2 nm—similar to the size of IrOX NPs. Over a decade of research has
contributed to an extensive characterization of thiolate-protected Au144/146 (ca. 1.6 nm) and
Au25 (< 1.6 nm), among others.

Deciphering the size and dispersity, shape, surface

chemistry, composition, structure, and reactivity of these small nanoparticles (NPs) involved
a variety of techniques often employed in novel ways.2,58,59
1.3.1 Size and Dispersity
Size is a key aspect that not only makes the characterization of small NPs difficult but
also often governs NP function and influences other properties. Unlike for bulk material,
where function has no size dependence, it is well known in the field of nanoscience that size
has a significant influence on functional properties, often related to the large surface area to
volume ratio (SA:V) of NPs.2,59 As a result, characterizing the size and dispersity can be of
utmost importance in understanding the function of a NP.
High-resolution transmission electron microscopy (HR-TEM), tailored for metallic
species, has proven useful over the years as a crude indication of sizes of small NPs, such as
Au NPs.60 Because HR-TEM is an imaging technique, each image is merely a sampling of
the entire population, leaving dispersity measurements subject to uncertainty. Furthermore,
for populations of small NPs, the limit of detection prevents ensuring that NPs of all sizes
present are imaged and measureable, and as a result, the dispersity may be skewed and the
size inaccurate.2,60–62
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To remedy the pitfalls of relying on HR-TEM for size and dispersity measurements,
mass spectrometry has been investigated as an alternative and improved method of
measurement.

Mass spectrometry diminishes the sampling bias while providing a

quantitative measurement of size and distribution. Despite its analytical strength, mass
spectrometry is a difficult technique to execute as a variety of parameters are influential and
must be optimized.
Early mass spectrometry of thiolate-protected Au NPs employed laser desorption
ionization (LDI).63–66 Results indicated large amounts of fragmentation making size
determination difficult. Eventually, matrix-assisted laser desorption/ionization (MALDI),
having “soft” ionization, became the favored choice as it curbs fragmentation.

Initial

MALDI results for Au NPs, however, still suffered from fragmentation.63,67–69

It was

determined that the matrix and laser intensity were key aspects in halting excessive
fragmentation and obtaining highly resolved spectra, which became useful for quantifying
ligand shells as discussed later. An electron-transfer favoring matrix, trans-2-[3-(4-tertbutylphenyl)-2-methyl-2-propenylidene]malononitrile

(DCTB),

with

decreased

laser

intensity proved to be most successful at retaining intact Au NPs; improved Au NP
syntheses, which produced monodisperse samples, also aided success.61 Figure 1.5 shows
the progression of spectra for Au NPs as improvements were made.61,69 In the bottom
spectra, Figure 1.5 (c) and (d), the molecular ion peak gave indication of the size and
dispersity of Au25. Additionally, it is noteworthy to acknowledge that many metal NPs, in
spite of their small sizes, have large masses. Therefore, a mass analyzer that detects at large
mass to charge (m/z) ratios is necessary when studying NPs via MALDI, which typically
produces singly charged species. The time-of-flight (TOF) mass analyzer, measuring up to
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(a)

(b)

(c)

(d)

Figure 1.5 Matrix-assisted laser desorption/ionization (MALDI) mass spectrometry of
polydisperse Au NPs ~Au44 and ~Au75 using (a) DCTB and (b) 2-(4hydroxyphenylazo)benzoic acid (HABA) as the matrix.69 MALDI of monodisperse Au25L18
using (c, top) HABA and (c, bottom) DCTB as the matrix and using (d) DCTB while the
polarity and laser intensity are varied.61 All indicate that monodispersity, DCTB, and low
laser intensity are favored.
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~100,000 m/z, was chosen for the Au NP studies.61,70
In addition, electrospray ionization (ESI), also “soft”, has been utilized in the analysis
of Au NP size and dispersity. It is especially useful in instances where singly charged NPs in
MALDI are too large for detection with TOF. Unlike MALDI, ESI produces charged
species, lowering the m/z to those measurable with other available analyzers; in spite of this
benefit, ESI spectra are consequently more difficult to interpret. Employing ESI proved
useful in the analysis of Au25 NPs capped with poly(ethylene glycol) ligands coordinated to
alkali metal acetates71,72 (Figure 1.6(a)) and Au144/146 NPs capped with ligands terminated in
quaternary ammoniums73,74 (Figure 1.6(b)).
1.3.2 Shape
While shape is a property not routinely discussed for small molecules nor bulk
materials, it can play a key role in the functional properties of a NP. Falling between bulk
and molecular sizes, small NPs, as mentioned above, have very large SA:V. Varying the
shape, or more specifically the aspect ratio (length:width), of a NP, drastically alters SA:V.
Because NP function is frequently governed by its surface, modifying the shape—and as a
result the surface area—can often alter reactivity. For instance, increasing the aspect ratio of
NPs at fixed volume subsequently increases the surface area; the influence of this change on
function is often studied when employing large NPs (>100 nm) in biological applications.75
The shape of small Au NPs, on the other hand, drastically alters the plasmon resonance.59
Observing the shape of NPs is primarily achieved using microscopy. In the case of
small metal NPs, however, shape analysis is limited to HR-TEM. Again, even with high
resolution, several small NP populations are at or below the limit of detection making shape
analysis less reliable. Another limitation of HR-TEM imaging for shape determination is that
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(a)

(b)

Figure 1.6 Electrospray ionization (ESI) mass spectrometry of (a) phenylethanethiolateprotected (SC2Ph) Au25L18 NPs exchanging with methoxy pentaethylene glycol thiol (SPEG) charged with sodium acetate as monitored over time72 and (b) hexanethiolate-protected
(SC6) Au144L60 and Au146L59 NPs exchanged with N,N,N-triethyl(11-undecenylmercapto)
ammonium, where the number exchanged is represented by the charge state (10–15).74
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the measurement is taken on a dry sample, leaving the shape of a NP within solution still
unknown.
1.3.3 Surface Chemistry
Another aspect of NP properties that is known to strongly influence NP behavior is
surface chemistry. To keep aggregation at a minimum, NPs in general can either be coated in
a charged shell or protected by ligands (sometimes referred to as surfactants). In the latter
case, applicable to Au NPs, solubility can be drastically altered and ligand counts can be
determined, ultimately guiding the use of a NP of interest. The main instruments that have
proven useful in the analysis of small NP surface chemistry are mass spectrometry and
nuclear magnetic resonance (NMR).
Just as MALDI-TOF proved valuable for determining size distributions, it too has
proven capable of resolving ligand counts on thiolate-protected Au NP surfaces.

This

success, however, was predominantly achieved with monodisperse samples, which keep the
spectral details of ligation from being obscured by the dispersity of sizes. For monodisperse
NPs, like Au25, MALDI is capable of resolving NP ligand distributions varying by only one
ligand while also monitoring ligand exchange reactions, as seen in Figure 1.7.61,70
Similarly, ESI shows ligation, however, in the form of charge. As mentioned above,
covalently bonding permanently charged ligands (e.g., thiols terminated in quaternary
ammoniums bound to Au NPs)74 allows for the reduction of m/z to within a measureable
range. As such, each envelope of peaks in a spectrum represents a different charge state and
thus, corresponds to a different ligand count. Again, monodispersity is greatly favored for
ESI investigations to simplify the inherently complicated interpretation needed. As with
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(a)

(b)

Figure 1.7 Matrix-assisted laser desorption/ionization (MALDI) mass spectrometry of (a)
phenylethanethiolate-protected (SCH2CH2Ph) Au25L18 NPs exchanging with methoxy
pentaethylene glycol thiol (PEG5) or methoxy ethylene glycol thiol (PEG1)61 and (b)
phenylethanethiolate-protected (SCH2CH2Ph) Au25L18 NPs exchanging with hexanethiol
(SC6) as monitored over time.61
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MALDI, ligand exchange can be observed with ESI, as seen earlier in Figure 1.6(a).72,73
As an alternative to mass spectrometry, nuclear magnetic resonance spectroscopy
(NMR) also provides useful information regarding the surface chemistry of a NP. Unlike
mass spectrometry, however, NMR provides information regarding only the average
population of NPs, making it less affected by polydispersity. Additionally, NMR requires
that NPs be washed of excess ligand that may interfere with the NP-bound ligand in the
spectrum. Consequently, it is easiest to perform NMR when ligands are expected to bind
strongly to the NP surface, as is the case for thiols bound to Au NP surfaces.76 Despite this
caveat, it was determined that protons on NP-bound ligands near to the NP became
broadened—the mechanism of which is still under debate—and shifted, allowing spectra to
be deciphered from residual free ligand.77–86
One advantage of NMR over mass spectrometry is that it allows for investigating not
merely the number of ligands but also other aspects regarding ligand–NP interactions. For
instance, the protons on a ligand bound to Au25L18 shift downfield in the spectrum as the
fraction of oxidized NPs increases as shown in Figure 1.8(a); in addition, changes in peak
broadening with the ratio of oxidized to reduced was attributed to rapid electron selfexchange.84 Also, NMR is capable of dynamically monitoring ligand exchange because the
measurement is of a solution;85,86 MALDI, on the other hand, must analyze particular time
points during an exchange as it requires plating and drying of samples, which may impede
the observation of very fast exchange. Spectra of dynamic ligand exchange for Au25 are
presented in Figure 1.8(b).85
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(a)

(b)

Figure 1.8 Nuclear magnetic resonance spectroscopy (NMR) of phenylethanethiolateprotected (SCH2CH2Ph) Au25L18 NPs as (a) the mole fraction (fox) of Au0 with respect to Au-1
varies from 1 to 084 and (b) the number of 4-bromothiophenol (SPhBr) ligands exchanged
increases with time.85
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1.3.4 Composition and Structure
Implicit in the above sections, mass spectrometry is a very useful technique for
determining the physical properties of a NP.

From determining the size and ligand

distribution of an NP using mass spectrometry, the formulaic composition can be deduced
with great accuracy. The successes of such assignments have been confirmed for several Au
NPs by crystallography, such as Au25L18.87
Crystallography is a powerful tool for not only determining absolute composition but
also unveiling a NP crystal structure. Without crystallography, structural elucidation is based
on assumptions stemming from knowledge about bulk materials in combination with size and
surface determinations. Unfortunately, the growth of crystals is not easily attained, and
consequently, the multi-technique approach to deciphering the physical properties of NPs is
required.
1.3.5 Reactivity
Much of the discussion thus far has focused on the determination of aspects that
contribute to the formulaic composition and physical properties of a NP, with the exception
of ligand exchange monitoring. The reactivity of NPs is also of utmost importance when
interested in full characterization.

Small metal NP reactivity can be divided into two

categories. First, there are surface reactions relating to ligation, which govern the solubility
among other properties. Second, there are redox reactions, which unveil the electronic
properties. For each of these, specifically the latter, electrochemistry has been the main tool
of analysis for the study of Au NPs.
As mentioned before, the chemical shift in NMR for a proton on a given NP-bound
ligand varies with the oxidation state of the metal NP. Complementarily, the oxidation (or
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reduction) potentials of the NP redox states depend on the electronic properties of the ligand
capping the surface. For instance, as the number of electron-withdrawing ligands increases
on Au25L18, the formal potential of the 0/+1 couple shifts to more positive potentials.85
In the case of small thiolate-protected Au NPs, electrochemical analysis also revealed
fascinating electronic properties with regard to changing sizes. As the Au NPs decrease in
size, their properties vary from metallic (diameter > ~2.0 ) with surface plasmon resonance,
to capacitive (~1.5 nm < diameter < ~2.5 nm) with quantized double layer charging, to
molecule-like (diameter < ~1.5 nm) with HOMO–LUMO energy gap formation.59,71,88 Such
findings emphasize the importance of characterizing nanoparticles in this size regime, where
their properties are susceptible to change with the addition of only a few atoms. Deciphering
when a nanoparticle takes on unique characteristics is key in understanding their functional
properties and driving their utility in an array of applications.

1.4 Challenges for Iridium Oxide Nanoparticle (IrOX NP) Characterization
The history of gold nanoparticle characterization forms a strong foundation on which
to stand when facing mostly uncharacterized small nanoparticles, such as IrOX NPs.
Motivated to learn why IrOX NPs catalyze water oxidation and how they function, the work
discussed in this dissertation has aimed to characterize the physical and chemical properties
of IrOX NPs following the path of Au NP characterization while also exploring other
methods of analysis. The remainder of this introduction will address how approaching the
characterization of IrOX NPs, or any NP for that matter, is more complicated than merely
repeating protocols successful for other NP analyses.
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Beginning with size, dispersity, and shape, previous reports32,55,89 indicate that IrOX
NPs (by the Wohler synthesis) are approximately 2 nm in diameter, polydisperse (e.g., 2.0 ±
0.2 nm),89 and spherical in shape as determined via HR-TEM. As noted before, HR-TEM is
not an ideal technique for determining size and dispersity, particularly because it requires a
dry sample, images only a sample population, and has a limit of detection near the sizes
being observed. Mass spectrometry is the preferred method for these aspects, however, it
will be challenging given the polydispersity of the IrOX NPs. As a result, any fine details
required for determining surface chemistry or composition will be obstructed by
polydispersity. Because of the unknown mechanism behind the NP synthesis, several efforts
to narrow the NP dispersity, as monitored by HR-TEM, have been unsuccessful or
undetectable.
Another aspect worth considering is porosity. Our previous report55 determined that
all of the Ir sites in each NP are redox active (i.e., transfer an electron), which was not
observed for larger IrOX NPs,39 implying porosity.

A porous NP allows solvent and

electrolyte penetration, which can drastically affect redox chemistry and electron/proton
transfer. Rather than electron transfer being limited to electron hopping from atom to atom,
from the core to the surface, a porous NP may transfer electrons directly from each metal
site. For an active water oxidation catalyst like IrOX NPs, this may play an essential role in
the reaction. Unfortunately, there is no direct method to measure porosity of small NPs.
Additional obstacles arise when considering the analysis of IrOX NP surface
chemistry. As synthesized, the NPs are “ligand-free” as they are produced in the absence of
a capping ligand and merely in the presence of strong base. To observe surface interactions
with the NP, ligands must be introduced to provide tags for subsequent analysis with mass
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spectrometry or NMR. Based on previous reports,89 it is suspected that carboxylates and
phosphates interact with the IrOX NP surface, however, the type and strength of association is
unknown. Often surface reactions on NPs are driven by knowledge of binding to bulk,
planar surfaces of the same composition.90 Unlike Au, to which thiols are known to strongly
bind,76,91 and other metal oxides such as ITO, TiO2, and SiO2, of which the binding to their
planar forms has been extensively studied,92–96 literature on the binding properties of iridium
oxide surfaces are scarce. Consequently, there is little that guides surface binding reactions
while aiming to study IrOX NPs. Furthermore, investigating association at the IrOX NP
surface will prove difficult with both mass spectrometry and NMR. The former because, as
mentioned earlier, polydispersity will obscure the fine details of surface association and the
latter because ensuring that the NPs are washed of free associating species will be difficult
without knowing about the association strength.
It is important to note other factors that may hinder characterization with NMR. First,
because of the presumed porous nature of IrOX NP and in turn, individually active redox sites
at each iridium, it is possible that some iridium atoms within the NP are at oxidation states
other than IV. As mentioned in the section above, protons on ligands bound to the Au NP
surface display NMR peaks that shift depending on the oxidation state. A NP holding
multiple oxidation states may thus result in protons demonstrating several chemical shifts or
an overall peak broadening, representing the averaging of many shifts. Other mechanisms
may cause broadening as well, including paramagnetism. It is known that bulk IrO2 in the IV
state is paramagnetic,97 and this property may be present for IrOX NPs synthesized from
iridium IV salt, as well. Lastly, broadening may occur for a system undergoing rapid
exchange between associated and dissociated species. The rapid exchange of ligands results
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in an averaging of the protons in the two states, bound versus unbound; in some cases, low
temperature studies (i.e., dynamic NMR) can probe at these.98
A final consideration is that IrOX NPs transfer not only electrons but also protons.
Our lab’s earlier report on electroflocculated films of IrOX NPs revealed that the redox
couples shift with pH, demonstrating proton transfers occur, analogous to the pH dependence
of IrO2 films.32 For thiolate-protected Au NPs, only electron transfer reactions were of
concern. As IrOX NPs redox reactions require proton transfer, there must always be a source
of protons during electrochemical experiments, which is most easily obtained with a buffer.
While facile for aqueous experiments, obtaining such proton accepting/donating conditions
in organic solvents is much more difficult, and as a result, electrochemistry of IrOX NPs in
organic solvent poses a challenge. Literature on IrO2 films in organic solvent show that
reduction reactions, where a proton is accepted with an electron, indeed are sluggish.99

1.5 Scope of Dissertation
For much of analytical research, investigating an unknown is often best achieved by
making a change and measuring its resulting effect. It is well understood that size and
surface coating substantially govern nanoparticle behavior; therefore, modifying these
properties provides a guide for determining nanoparticle chemistry. My dissertation research
focuses on varying the latter of these, or more simply, altering the surrounding environment
and surface associations of the nanoparticles. To develop a successful, optimized energyproviding system based on small metal oxide nanoparticles, it is essential to understand how
surface interactions influence nanoparticle behavior.
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The following chapters of this thesis analyze previously unknown properties of IrOX
NPs using methods not only motivated by those successful for the analysis of Au NPs but
also modified from molecular analysis and applied to NPs. In Chapter 2, the redox properties
of freely-diffusing IrOX NPs as they depend on pH are observed and found to vary from
those of electroflocculated IrOX NP films.

Additionally, electrochemical shifts in the

presence of phosphate, used as buffer, indicate surface association with the IrOX NP. In
Chapter 3, the electron-transfer dynamics of IrOX NPs are controlled using self-assembled
monolayers (SAMs) of varying chain lengths, which associate with the NP surfaces. Using
this well-established method in electrochemistry for slowing a redox reaction, the results in
this chapter demonstrate that electroactive NPs can also be studied in this way. In Chapter 4,
studies of surface association to the IrOX NPs, which render them organic soluble, are
performed. Solvent-solvent extraction coupled with UV–Vis spectrophotometry is utilized as
means to investigate the carboxylic acid or carboxylate interaction occurring at the IrOX NP
surface as a function of pH. In addition, 1H-NMR of such associations is investigated. In
Chapter 5, MALDI–TOF is performed on aqueous and organic soluble IrOX NPs resulting in
the first, although crude, mass spectrometry of IrOX NPs; future experiments that narrow the
dispersity of IrOX NPs will greatly benefit further investigation in this area. In Chapter 6,
spectroelectrochemistry, transient absorption, and photolysis of IrOX NPs coupled to
ruthenium complexes (i.e., chromophores) is observed.
More broadly, the research discussed in the following chapters contributes to the area
of nanoscience through its development of characterization methods based on surface
modifications of small metal oxide nanoparticles. This research provides a foundation for
subsequent optimization of water oxidation catalysts as well as characterization of other
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metal oxide nanoparticles with high utility.

Overall, this project’s investigation of

“structure–function” relationship enhances our overall understanding of this still new area of
chemistry and emphasizes the importance of determining nanoparticle properties for aiding
in the superior development of their function.
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CHAPTER 2
The Role of pH on the Redox Chemistry of Freely-Diffusing Iridium Oxide
Nanoparticles
(This chapter is adapted with permission from Gambardella, A. A.; Bjorge, N. S.; Alspaugh,
V. K.; Murray, R. W. J. Phys. Chem. C. 2011, 115, 21659. Copyright 2011 American
Chemical Society.)
2.1 Introduction
The four electron, four proton reaction for the oxidation of water to generate O2,
while managed well by biology,1–3 is a challenge in the design of synthetic catalysts. In
performance terms of using solar energy and electrochemical cells, and in the context of
efficient use of the solar insolation flux, one desires a catalyst that can stably support an
electrochemical reaction rate equivalent to ca. 10 mA/cm2. Additionally, the water oxidation
reaction should occur with a minimal overpotential (!, overpotential reflects the free energy
driving force needed above thermodynamic requirements to attain a given reaction rate).
Small iridium oxide nanoparticles (ca. 2 nm dia.) are promising candidates in these regards,
and in both supported4,5 (film or surface assembly) and unsupported6 (soluble, freely
diffusing) forms give attractive reaction rates and relatively small electrochemical
overpotentials.

Further, small iridium (IV) oxide nanoparticles (IrOX NPs) have

demonstrable7–12 usefulness in solar cell contexts—notably as electron donors (and
consequent water oxidants) to metal complex dyes whose excited states have transferred
electrons at a dye/semiconductor anode interface, and in other related studies.13

Little is known about the structure, chemistry, and electrochemistry of the small IrOX
NPs that have been deployed in contexts of water oxidation. This void hampers prospects for
ultimate understanding and optimization of their catalytic activity. This report describes
essential elements of the voltammetry of unsupported (i.e., soluble, freely diffusing) IrOX
NPs, namely the voltammetry of the IrIV/III and IrV/IV redox couples of these metal oxides.
Our previous study6 of unsupported IrOX NPs mainly explored their redox mediation of
water oxidation at pH 13, by oxidatively driving the nanoparticles to their (formal) IrVIOX
states. Ultimately, more detailed information on the small IrOX NP redox reactions will
facilitate mechanistic unraveling of the water oxidation reaction mechanism for both
unsupported and supported nanoparticles.
There is a general dearth of literature information on the electrochemistry of
unsupported, diffusing metal oxide nanoparticles, of almost any kind; indeed, few studies
exist.6,14 This contrasts with the substantial electrochemical literature4,9–11,15–24 on supported
metal oxide films and on films of their nanoparticles.
It can be plausibly argued that electrochemical behaviors of unsupported metal oxide
nanoparticles should mirror those of flocculated films of similarly sized nanoparticles, but
owing to the dearth of data, this argument has not been generally proven.

We have

previously described4 aspects of the behavior of electrode-supported electroflocculated films
of 2 nm IrOX NPs (i.e., films in which the nanoparticles retain their individual size),
particularly of the IrIV/III and IrV/IV redox reactions, over a range of aqueous pH values.
Those supported nanoparticle film data4 serve as a reference base for the experiments
reported here, for ca. 2 nm unsupported IrOX NPs. We will show that, while similarities
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exist, several significant differences between supported and unsupported nanoparticles
appear in the voltammetry of small IrOX NPs.
A forward-looking objective of our current studies has been learning to manipulate
the chemistry of the surface capping, or surface ligation, of the IrOX NPs.

Extensive

experience in studies of Au nanoparticles bearing organothiolate ligand coatings has been25–
27

that these coatings control and participate in many aspects of the nanoparticle chemical and

electrochemical behavior, including their isolation, purification, and solubilities. We report
some initial success in this area, notably in preparing IrOX NPs that are capped so as to be
soluble in organic solvents.

2.2 Experimental
2.2.1 Chemicals and Materials
Potassium hexachloroiridate (K2IrCl6, 99.99%), NaH2PO4 and Na2HPO4 (99%),
phosphoric acid (85%), perchloric acid (70%), octanoic acid (98%), and dibutylphosphate
(97%) were purchased from Sigma Aldrich.

NaOH (50% w/w) and dichloromethane

(Optima grade) were obtained from Fisher and used without further purification.
2.2.2 Instrumentation and Electrochemical Details
Electrochemistry. Cyclic voltammetry (CV) was performed on a CH Instruments
CH760A potentiostat was used with either a Bioanalytical Systems (BAS) or a CH
Instruments platinum working electrode (0.0314 cm2 and 0.0201 cm2, respectively). For
rotated disk electrode experiments, the CH760A was used in conjunction with a modulated
speed electrode rotator AFMSRCE and a platinum disk electrode AFE5T (SA = 0.1963 cm2),
both from Pine Research Instrumentation, Inc.

37

All experiments used Pt counter and

Ag/AgCl/3 M KCl (aq) reference electrodes. Solutions were degassed with Ar. Previous
work4,6 had shown that multiple cyclical potential scans in IrOX nanoparticle solutions can
sometimes lead to flocculation of the nanoparticles as films on the electrode, so in general,
use of multiple cyclical potential scans was minimized.
Again using the CH760A potentiostat, potential controlled coulometry was conducted
using Pt mesh working and Ag/AgCl/3 M KCl (aq) reference electrodes in one compartment
of the frit-separated 3-compartment cell, and a Pt wire counter electrode in the adjacent (right
side) compartment. The working electrode compartment (left side) contained a degassed 5
mL solution of IrOX nanoparticles at typically 2.5 mM (e.g., 12.5 !mols total) IrIV sites
(based on the nanoparticle synthesis) prepared using Method 3, see below, but at 0.5 M total
phosphate.

The other two compartments held (5 mL) solutions of 0.5 M phosphate

electrolyte at corresponding pH.

The nanoparticle solution was stirred (magnetically)

vigorously during the coulometry experiments.
High-Resolution Transmission Electron Microscopy (TEM).

TEM images were

obtained on a JEOL 2010F FasTEM on nanoparticle samples prepared on copper grids (200
copper mesh, carbon-coated Formvar; Electron Microscopy Sciences, Hartford, PA).
Ultraviolet–Visible Spectrophotometry (UV–Vis). UV–Vis spectra were taken on a
Shimadzu UV-1601 spectrophotometer (Shimadzu, Columbia, MD).
pH Measurements. All aqueous pH were measured with a 3-point calibrated Corning
pH Meter 445. The associated relative accuracy with the measurement is 0.01, according to
the manufacturer’s specification sheet.
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2.2.3 Synthesis of IrOX NPs
IrOX NPs were synthesized using a method modified from Wohler et al.28 Potassium
hexachloroiridate (120 mg, 2.5 mM) dissolved in Nanopure water (18.3 M!) was mixed with
1 mL NaOH solution (25% w/w); the flask was capped with foil and immediately placed in a
90 ºC water bath for 20 min. The resultant clear blue pH ~13 solution was cooled to room
temperature and stored in a capped vial until the solution maintains a pale purple color (! 24
h), before experimental use, to allow culmination of condensation of initially formed
hydroxyl complexes.

This procedure has been shown4,6 to produce nanoparticles with

average diameters from 1.6 nm6 to 2.0 nm,4 which correspond to averages of 66 and 130 Ir
sites per nanoparticle, respectively.
2.2.4 Changing the IrOX NP Solution pH
We agree with the observation by Mallouk et al.5 that lowering the pH of a
synthesized pH 13 IrOX NP solution is prone to lead to nanoparticle flocculation. We
devised three procedures using phosphate as the supplementary capping ligand to avoid this
issue, yet not significantly dilute the nanoparticle concentrations.

In one procedure,

sufficient solid Na2HPO4 was added to the nanoparticle solution to make a 1.0 M solution in
phosphate, and after ~24 h the pH was lowered (to values varying from 10 to 5) using either
conc. (14.6 M) H3PO4 or conc. (11.6 M) perchloric acid. In a second procedure, sufficient
quantities of solid Na2HPO4 and NaH2PO4 for 1.0 M solutions (in total phosphate) were
added to obtain targeted pH values between 8 and 4.5. In a third procedure, conc. H3PO4 was
added to make a solution 1.0 M in phosphate while concurrently acidifying the nanoparticle
solution to ca. pH 1—after ~24 h, NaOH (50% w/w) was added to restore the pH to a chosen
higher value. Concentrations of phosphate lower than 1 M are not as effective at stabilizing
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the nanoparticles as the pH was changed. These procedures will be denoted as Method 1, 2,
and 3, respectively.
2.2.5 Biphasic Extraction of IrOX NPs
A mixture of 5 mL each as-synthesized aqueous IrOX NPs (pale purple, 12.5 !mol in
Ir, 0.5 mmol in NaOH, pH ~12.8) and either octanoic acid or dibutylphosphate (1.0 mmol) in
CH2Cl2 was prepared; upon addition of the NPs to the stirred organic phase, the mixed
solution immediately turns hazy and brown. The reaction vial was capped and vigorously
stirred in the dark for ~24h. At completion, the aqueous layer had clarified to nearly
colorless and the organic layer ranged from dark blue to vivid purple, depending on the
carboxylic acid (clarity also varied). TEM was taken of the organic phase.

2.3 Results and Discussion
The small IrOX NPs, as synthesized by solvolysis in strong base, pH 13, are quite
stable as made. Presumably they are negatively charged and electrostatically stabilized (from
flocculation or aggregation) by deprotonation of nanoparticle surface hydroxyls (i.e., IrIV-OH
! IrIV-O–). Most of this chapter will deal with NP voltammetry in aqueous solutions of
lowered pH. Preparing IrOX NPs that are soluble and stabilized in organic media will be
discussed in the closing section.
Phosphate proved to be a weakly stabilizing ligand for the IrOX NPs in aqueous
medium, allowing the nanoparticles to remain solubilized over a wide range of pH (at room
temperature). However, adding phosphate and lowering pH from the initial pH 13, while
avoiding massive nanoparticle flocculation and precipitation (owing to apparent phosphateinduced cross-linking, by coordination or hydrogen-bonding) is very sensitive to procedure.
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The three different successful procedures (see Experimental) produced generally similar
voltammetry at a given pH, suggesting that the solutions are not far from equilibrium in
terms of the states of phosphate ligation. There are indications that these equilibria are
somewhat sluggish, as shown below. The nanoparticles in lowered pH solutions do not
appear to have altered dimensions (Figure 2.1) as a result of forming the phosphate-based
ligand shell. We have not yet been able to assess the population count of phosphate ligands
attached to the nanoparticles, nor are the kinetics of their coordination/dissociation reactions
known.
2.3.1 IrOX NP Solution Voltammetry
Rotated disk (RDE) and cyclic (CV) voltammetry of IrOX NP solutions (Figures 2.2,
2.3) show two distinct redox processes. The formal potentials of both shift with pH. The
nanoparticles at the electrode surface, over the potential intervals in Figure 2.2 where current
is ca. zero, are in the as-prepared IrIV state. The reduction and oxidation waves at more
negative and positive potentials, respectively, are assigned to the IrIV/III and IrV/IV couples of
the nanoparticles, respectively. These assignments follow those reported by Nakagawa et
al.4 for electroflocculated films of IrOX NPs having the same dimensions.
At lower pH, the IrIV/III wave consists of two features (Figure 2.3). We will show
later in this section that the more negative feature (*) arises from an IrOX NP film that has
become inadvertently flocculated on the working electrode. This more negative feature (*)
will be ignored for the present; it is poorly reproducible; and in nanoparticle solutions of
similar pH, but prepared by different procedures (see Experimental) of phosphate addition, it
can range from barely noticeable (lower left, Figure 2.4) to quite prominent (upper left,
Figure 2.4). Such variations, plus spectral data discussed later, imply that nanoparticles in
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Figure 2.1 (a) TEM image of IrOX NPs at pH ~7 prepared using Method 2. Excess
phosphate was partially removed by precipitating phosphate with MeOH washings to ease
TEM imaging; pH was altered ! ±1 unit; the average IrOX NP diameter is 1.91 ± 0.3 nm. (b)
Close-up of the TEM image in (a) for pH ~7 revealing the lattice fringes. (c) TEM image of
IrOX NPs at as-synthesized pH ~13 in the absence of phosphate for comparison; the average
IrOX NP diameter is 2.01 ± 0.2 nm. For each histogram, the NP diameters were " the values
listed.
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Figure 2.2 Rotated disk (RDE) voltammetry (20 mV s-1, 3000 RPM) of IrOX NP solution, Pt
disk electrode, pH 5.5 (blue), 6.3 (red), and 7.8 (green). Solution prepared using Method 2
(see Experimental). The asterisk denotes the IrIV/III reaction of a NP film on the electrode.
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Figure 2.3 Cyclic voltammetry (20 mV s-1) of diffusing IrOX NPs with Pt electrode at pH
1.7 (purple), 4.6 (blue), 7.7 (red), 11.0 (green), and 13.0 (black). Solutions at pH 4.6 and 7.7
were prepared using Method 2, and at pH 1.7, 11 and 13 using Method 3. The asterisk
denotes the IrIV/III reaction of a NP film on the electrode.
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Figure 2.4 Cyclic voltammetry (20 mV s-1) of diffusing IrOX NPs with Pt electrode at pH
4.6 (blue), 4.8 (red), 4.9 (green), and 5.4 (purple) prepared using Methods 2, 2, 1 and 3,
respectively. The asterisk at the more negative potential peak is inadvertently
electroflocculated NP film.
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solutions of the same pH are not perfectly equilibrated with respect to phosphate ligation.
The rising RDE currents at the most positive potentials in Figure 2.2 (i.e., E > 0.75 V
at pH 7.8) correspond to the initiation of water oxidation and production of O2 as shown
quantitatively by rotated ring disk measurements analogous to those described6 at pH 13.
The freely-diffusing nanoparticles at lowered pH values retain their water oxidation
reactivity. Further observations on the mediated water oxidation will be presented in a
separate report.29
Levich plots of RDE limiting currents for the IrIV/III couple (Figure 2.5) at lowered pH
are linear. Using Eqn. (1), the slopes of these plots can be used to estimate the nanoparticle
diffusion coefficients,
iLIM = 0.62nFAD2/3!-1/6"1/2CIr

(1)

where n =1 and CIr = total Ir site concentration (based on 100% reactivity of 2.5 mM sites, as
established by coulometry, below). The D results, reported in Table 2.1, are reasonably
invariant with pH.
An alternative procedure for determining the nanoparticle diffusion coefficients,
without assuming an Ir concentration, relies on a combination of potential-step amperometry
and microelectrode experiments.31 The slope of a plot of iL vs. t-1/2 in a chronoamperometric
experiment, according to the Cottrell equation
iL = (nFAD1/2CIr)/(!1/2t1/2)
yields the product D1/2CIr.

(2)

The IrIV/III limiting current in a microelectrode voltammogram,

according to the equation
iSS = 4nFDCIrro

(3)

gives the product DCIr. The ratio of the results from performing these two experiments on

46

Figure 2.5 Levich plot for IrIV/III wave from RDE gathered using IrOX NPs at pH 5.8 (blue),
7.0 (red), 9.4 (green), and 11.0 (purple). NPs prepared using Method 3. Corresponding
diffusion coefficients (DIV/III) determined using the Levich equation and total iridium
concentration of 2.5 mM.
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Table 2.1 IrOX NP diffusion coefficients determined from RDE limiting currents and Eqn.
(1), for the IrIV/III wave.

pH

DIV (cm2/s)

5.8

1.6 ! 10-6

7.0

1.6 ! 10-6

9.4

2.4 ! 10-6

11.0

2.0 ! 10-6
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the IrIV/III NP wave allows calculation of both D and CIr without assumptions. Figure 2.6
shows examples of data used in this determination. Table 2.2 shows that the D and CIr
results are quite consistent with the D results of Table 2.1 and the CIr = 2.5 mM assumed
there, using the RDE limiting currents.

The latter evidence is also consistent with the

coulometry results (below) that demonstrate 100% reactivity of the iridium NP sites.
The Tables 2.1 and 2.2 diffusion values can be compared to those estimated using the
Einstein—Stokes equation
D = kBT/6!"r

(4)

based on nanoparticle radii (r) as determined by TEM. For nanoparticles of 1.9 (± 0.3) nm
diameter—a range of sizes found in Figure 2.1—the anticipated D = 2.6 (± 0.4) ! 10-6 cm2/s
is consistent with the results in Tables 2.1 and 2.2. It is further important to note that the
observed diffusion coefficients are smaller than that anticipated30 for monomeric Ir hydroxy
complexes in basic solutions5 and are more consistent with larger entities, e.g., diffusing
phosphate-ligated nanoparticles.
Turning to the pH dependence of the NP cyclic voltammetry, Figure 2.7 compiles the
numerous measurements (blue points) made of IrV/IV and IrIV/III formal potentials for the
diffusing nanoparticles (Pourbaix diagram). The upper curve, for the IrV/IV reaction, has a
slope of 70 mV/pH unit over the entire pH 1 to 13 range.

This is consistent with a one

electron/one proton reaction, in which the nanoparticle iridium sites (each) release a proton
upon oxidation.

The same result was found4 for films of IrOX NPs, (upper curve, black

points). However, the nanoparticle film formal potentials are uniformly ca. 117 mV more
negative than the solution values.
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Figure 2.6 (a) Cottrell plot for IrIV/III reduction at pH 6.8 (blue), NPs prepared using Method
3. (b) Cyclic voltammetry at 5 mV/s; Pt microelectrode; diameter = ~9.9 !m by experiments
on 1.0 mM K2Fe(CN)6 in 0.5 M KCl (see reference 30 for D of Fe(CN)6).
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Table 2.2 IrOX NPs diffusion coefficients and total iridium concentrations determined from
ratios of D1/2CIr and DCIr results from Eqns. (3) and (4). Pt electrodes of radii 0.80 mm and
4.9 !m were used in the chronoamperometric and microelectrode experiments, respectively.
Figure 2.6 provides example data.

pH

CIr (mol/cm3)

DIV (cm2/s)

1.2

2.5 " 10-6

2.5 " 10-6

2.7

2.5 " 10-6

1.7 " 10-6

5.2

2.2 " 10-6

2.4 " 10-6

6.8

1.8 " 10-6

2.5 " 10-6

9.7

2.5 " 10-6

2.1 " 10-6

11.2

3.5 " 10-6

1.4 " 10-6
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Figure 2.7 pH dependence of IrV/IV (diamonds) and IrIV/III (squares and triangles) formal
potentials as determined by cyclic voltammetry for the solution IrOX NPs (blue) and for an
electroflocculated film (black, from ref 4) of IrOX NPs. All solutions contain phosphate,
except that the red points at pH 13 correspond to formal potentials for as-synthesized IrOX
NP solutions (no phosphate).
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The lower curve in Figure 2.7, for the IrIV/III reaction, compares the pH dependencies
of formal potentials of diffusing (blue points) and electroflocculated films4 (black diamonds,
from Ref. 4) of IrOX NPs. Below pH ca. 6, the slopes for diffusing and film nanoparticles are
again similar, suggestive of a one electron/one proton IrIV/III reaction, in which the
nanoparticle iridium sites (each) gain a proton upon reduction.

The nanoparticle film

potentials are again more negative, by ca. 168 mV. Above pH 6, however, the IrIV/III formal
potentials exhibit a larger slope, of ca. 116 mV/pH unit. This result shows that the IrIV/III
reduction for soluble nanoparticles, at higher pH, is a one electron/two proton reaction.
The issue of whether soluble, diffusing nanoparticles and similar sized nanoparticles
flocculated together in a film would exhibit the same electrochemical behavior—or not—was
mentioned in the Introduction. For the IrOX NP voltammetry in aqueous phosphate media,
both soluble and film nanoparticles exhibit redox features assignable to IrIV/III and IrV/IV
reactions of the Ir sites. Both soluble and film NP formal potentials move to higher values at
low pH. The details of the reactions show, however, notable differences between the soluble
and film nanoparticles. One difference is the overall (below pH 6) shift of dissolved NP
formal potentials to more positive values than the film NPs.

Given that proton transfers

occur in these reactions, the shift of formal potentials is plausibly ascribed to a general
change in pKA (by ~ 1 to 2 units) of a nanoparticle surface grouping (such as Ir-O-H or Ir-OH…OPO3HZ) of the IrOX NPs upon immobilization during electroflocculation.

Thus, to

oxidize IrIV to IrV nanoparticles at a given potential, requires that the nanoparticles in solution
experience a more basic environment, i.e., the pKA values of surface groups of soluble
nanoparticle are higher than those of film NPs.
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A second and more profound difference in voltammetry of solution vs. film
nanoparticles is the change for the IrIV/III reaction above pH 6, to a one electron/two proton
reaction. That the change occurs at pH 6 implies the presence of a proton equilibrium of pKA
ca. 6. Assuming that this equilibrium involves IrIV nanoparticle surface sites, we suggests
that the IrIV/III reaction for soluble nanoparticles can be formulated, below pH 6, as
NP] IrIV (OH) (OH) + e– + H+ ! NP] IrIII (OH) (H2O)

(5)

and above pH 6 as
NP] IrIV (OH) (OH) + e– + 2H+ ! NP] IrIII (H2O) (H2O)

(6)

while the IrV/IV reaction at all pH values can be written as
NP] IrIV (OH) (OH) – e– – H+ ! NP] IrV (OH) (=O)

(7)

The eventual product of Eqn. (7) contains the metal oxo site34 considered central to water
binding and consequent O–O bond formation. The change in protonation state in Reactions 5
and 6 is supported by a spectral result shown later.

This suggested picture clearly invites

more detailed examinations of nanoparticle acid–base chemistry than have been conducted
thus far.
There are electrochemical kinetic consequences of phosphate ligation at pH <13.
IrOX NPs as prepared at pH 13 exhibit6 ca. reversible character (!EPEAK values near 60 mV
in CV experiments). In contrast, the presence of phosphate in nanoparticle solutions at pH
<13 causes the IrV/IV voltammetry to become decidedly quasi-reversible, with !EPEAK values
in the 80-170 mV range (Figure 2.8). The IrIV/III wave remains generally reversible (!EPEAK
near 60 mV at all pH). No attempt was made to quantify the electron transfer kinetics.
Evidence of phosphate ligation at pH 13 is seen in comparison of IrIV/IIIOX NP formal
potentials in the presence (blue points) and absence (red points at pH 13) of phosphate. This
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Figure 2.8 pH dependence of IrV/IV (purple diamonds) and IrIV/III (red squares) !EPEAK for
the solution species of IrOX NPs prepared using Method 3. Dotted grey line denotes 60 mV
or Nernstian behavior.
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shift was seen, however, only in solutions in which phosphate was introduced to lower the
pH, and then strong base added to restore pH 13 (Figure 2.9). Evidently, phosphate ligation
to the NPs at pH 13 is much slower than at lower pH.
We return now to the more negative wave feature (*) seen for the IrIV/III reaction in
Figures 2.2 and 2.3. This wave is caused by inadvertent formation of an IrOX NP film, which
seems promoted by, among other factors, multiple potential scans through the metal oxide
waves. In the experiment in Figure 2.10, cyclical potential scans cause an increase in current
for this wave (arrows), relative to the preceding IrIV/III wave (for the soluble nanoparticles).
The more negative IrIV/III wave, and one corresponding to the IrV/IV reaction, persist when the
working electrode is transferred to fresh nanoparticle-free electrolyte solution (black curve,
Figure 2.10), and !EPEAK values are < 60 mV. Finally, Figure 2.7 suggests that the IrIV/III
waves of film and solution nanoparticles, while badly overlapping in the middle pH range,
should become resolvable at high pH. Indeed, differential pulse voltammetry does show
(Figure 2.11) a split IrIV/III wave at a high pH (pH ~11).
2.3.2 IrOX NP Coulometry
We previously reported6 controlled potential coulometry of soluble ca. 2 nm IrOX
nanoparticles at pH 13 that demonstrated exhaustive IrIV/III reactivity throughout the
nanoparticle. In the context of IrOX NP films and their use for water oxidation, this was a
significant observation. In a previous study using thicker films of larger IrOX nanoparticles,
the sites were incompletely reactive.17–19
The coulometric measurements of the small IrOX nanoparticles are here extended
down to pH 1.4 in phosphate-containing solutions, with much the same result—full or nearly
full electrochemical activity of the Ir sites. Potentials applied were at least 120 mV more
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Figure 2.9 Cyclic voltammetry (20 mV s-1) of diffusing IrOX NPs with Pt electrode at pH 13
without phosphate (black, bottom) and pH 13 (purple, top) prepared with phosphate using
Method 3.
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Figure 2.10 Multiple Cyclic voltammetric (CV) scans (50 mV/s) of a solution of IrOX NPs,
Pt electrode, pH 5.5 (solution prepared using Method 2). Cyclical scans #1 (green), 26 (red),
50 (blue), 75 (purple), and 99 (yellow) are shown. Background CV scan (20 mV s-1, grey)
and CV scan of electrode scanned in NP solution fresh 1.0 M phosphate electrolyte at pH 5.6
(50 mV s-1, black) without NPs.
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Figure 2.11 Differential pulse (DPV) voltammetry of IrOX NPs with Pt electrode at pH 3
(green) and 11 (blue) prepared using a modified Method 3 where only 0.5 M phosphate
solutions resulted. The asterisk denotes the film wave when there is a pair of IrIV/III peaks,
assigned following the trend in Figure 2.7.
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negative than the solution IrIV/III wave, and the charge Q0 under the integrated current-time
curve was used in the Faraday Law (taking n = 1) to evaluate32 the moles NO of redox
transformation
Q 0 = nFN O

(7)

The experimental and theoretical results (based on moles of originally hydrolyzed salt and
assuming complete Ir incorporation into the nanoparticles) are presented in Table 2.3 as
percentages of sites reactive in the IrIV/III redox transformation. At all pH values, except pH
1.4, >90% of the Ir sites are electroactive.
Figure 2.12 shows a set of charge-time curves and the associated CV’s for the
solution electrolyzed. The solutions change from blue to light yellow during the electrolysis,
reverting to blue if subsequently exposed to air, showing that the NP IrIII state slowly reduces
O2 .
Experiments were also conducted to assess coulometric reactivity in the IrV/IV
reaction. Proximity to potentials that initiate water oxidation and nanoparticle film was a
concern, and only limited data were obtained at pH 13 and in the absence of phosphate,
stepping to the top of the wave and to the half-wave potential. The lower part of Table 2.3
shows that the IrV/IV reaction proceeds with near 100% site electroactivity, like that for the
IrIV/III couple. It should be noted that electrolyses aimed at producing IrVOX NPs showed no
immediate size changes by TEM but a large increase (aggregation) after several hours. IrVOX
NPs have short time stability in solutions, as attested by well-behaved voltammetry, but have
only modest long term stability.
The exhaustive electroactivity of the IrOX NPs means that proton and water reaction
components can access all metal centers, whether on the surface or in the nanoparticle

60

Table 2.3 Results from controlled potential coulometry of IrOX solution.

Redn. of IrIV to IrIII
pH
13.0b
11.0
10.0
8.0
6.2
1.4

charge, C
(theor.)
1.18

% Ir sites activea
98

(1.20)

1.08

92

(1.17)

1.08

91

(1.18)

1.14

96

(1.19)

1.13

94

(1.20)

0.80

77

(1.04)

Oxid. of IrIV to IrV

13.0b

charge, C
(theor.)
1.27c

13.0b

0.56d

pH

(1.20)

% Ir sites activea
106
94

(0.60)

a. Based on the charge expected from quantity of K2IrCl6 used in formation of IrOX NPs and
the quantity of solution transferred to the electrolysis cell.
b. As-synthesized IrOX NPs, no phosphate present.
c. Determined by stepping to the top of the wave. Excess charge may be due to initiation of
water oxidation.
d. Determined by stepping to the half-wave potential.
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Figure 2.12 (a) Controlled potential coulometry on 5 mL of deaerated IrOX NPs (12.5 !mol
Ir sites) with Pt mesh working electrode at pH 13 without phosphate and pH 11.0, 10.0, 8.0,
6.2, and 1.4 prepared as 0.5 M phosphate solutions using Method 3. The potential step is
from IrVI to IrIII. The dotted grey line denotes expected charge. (b) Cyclic voltammetry of
each solution (20 mV s-1) with Pt electrode.
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interior, and regardless of the pH and use of phosphate ligands. Full access is of course more
probable for very small nanoparticles, like those employed here, than large ones.17–19
Whether phosphate becomes ligated to the interior Ir sites within the nanoparticles is
unknown.
UV–Vis Spectrophotometry of IrOX NPs
UV–Vis spectra of phosphate-containing nanoparticle solutions show behavior
consistent with the changes in IrIV/III formal potential in Figure 2.7. Figure 2.13 shows
nanoparticle solution spectra over the range of pH 5.8 to 8.1; the major spectral peaks lie at
~313 and ~570 nm. At pH ~7, these peaks have ! = 2.2 " 10-3 and 1.4 " 10-3 cm-1 M-1,
respectively. In the pH range shown, as pH decreases, the peak at 313 nm decreases and that
at 570 increases. Concurrently, there is an appearance of a peak at ~290 nm. The spectra
reveal two isosbestic points, at ca. 380 and 300 nm. The isosbestic cross-overs signal some
kind of equilibrium. This might possibly be associated with that postulated above in
connection with Figure 2.7.
As noted above, the state of the nanoparticles at a given pH depends somewhat on
how phosphate was introduced, and this is seen by slight differences in the spectra. Figure
2.14 illustrates spectral variations seen in adding phosphate and changing pH of the
nanoparticle solution by a different procedure (Method 3). The detailed origin(s) of these
slight differences remains to be unraveled, but do not appear to be associated with changes in
nanoparticle size.
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Figure 2.13 UV–Vis spectra of IrOX NPs at pH 5.8 (purple), 6.0 (blue), 6.8 (red), and 8.1
(green). Each solution was prepared using Method 2 and then diluted 10 times with water.
Absorption coefficients (!) from spectra in using serially diluted pH ~7 solutions: ! = 2.2 "
10-3 and 1.4 " 10-3 cm-1 M-1 for ~313 nm and ~570 nm peaks, respectively.
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Figure 2.14 UV–Vis spectra of IrOX NPs at (a) pH 5.6 (purple), 6.3 (blue), 7.0 (red) and (b)
pH 11.1 (black), pH 11.5 (green), pH 12.0 (yellow). Each solution was prepared using
Method 3 and then diluted 10 times with water. It should be noted that the peak at ~313 nm,
while present at high pH in Figure 2.13, did not grow in this set of experiments as pH was
increased from (a) to (b). At the same time, that at ~290 nm is retained.

65

2.3.4 Transfer of IrOX NPs into Organic Solvent
Previous work with Au nanoparticles25–27 has well illustrated the key role of ligand in
nanoparticle solubility in various phases. For the IrOX NPs, we tested the idea that using a
ligand with a hydrophobic “tail” could extract nanoparticles into non-polar organic solvents.
Work by Mallouk and coworkers33 has alluded to phosphate-IrOX and carboxylateIrOX interactions. Figure 2.15 shows the result of contacting a pH 13 (as-synthesized,
initially purple) solution of nanoparticles with a CH2Cl2 solution (initially clear) of octanoic
acid. The (top) aqueous layer becomes clarified to near-colorless and the organic phase is a
clear vivid purple. TEM images of NPs in the organic phase suggest a small, apparent
decrease in nanoparticle size. In contrast, an analogous extraction into CH2Cl2 solutions of
dibutylphosphate (C8H19O4P) leads to retention of the original nanoparticle size.

Such

extractions have been accomplished with several other reasonably hydrophobic carboxylic
acids, including hexanoic, valeric, butyric, 6-bromohexanoic, 2-bromohexanoic, and 4,4’biphenylcarboxylic acids.
The nanoparticle extraction opens up a range of new explorations of the IrOX NPs in
non-water media, and offers a vastly improved range of ligand selection. We are currently
exploring the non-aqueous voltammetry of the nanoparticles as well as improved routes to
nanoparticle characterization analogous to those previously exercised25–27 with Au
nanoparticles, such as mass spectrometry and 1H-NMR. The non-water solubility also offers
an opportunity to examine the nanoparticle-catalyzed oxidation of water under conditions
controlling the water concentration, analogous to those recently reported by Meyer et al. 34
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mL of deaerated IrIVOx nanoparticles (12.5 μmol Ir sites) with Pt mesh working electrode at pH 6.2
phate solutions. The potential step is from IrVI to IrIII. (b) CV of each solution (20 mV s!1) with Pt
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retention of the original nanoparticle size. Such extractions have
been accomplished with several other reasonably hydrophobic
carboxylic acids, including hexanoic, valeric, butyric, 6-bromohexanoic, 2-bromohexanoic, and 4,40 -biphenylcarboxylic acids.
The nanoparticle extraction opens up a range of new explorations of the IrIVOx NPs in nonwater media and oﬀers a vastly
improved range of ligand selection. We are currently exploring
the nonaqueous voltammetry of the nanoparticles as well as improved routes to nanoparticle characterization analogous to those
previously exercised19 with Au nanoparticles, such as mass spectrometry and 1H NMR. The nonwater solubility also oﬀers an opportunity to examine the nanoparticle-catalyzed oxidation of water
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under conditions controlling the
water concentration, analogous
to those recently reported by Meyer et al.26

2.4 Conclusions
These results clearly demonstrate that distinct differences can exist in the
electrochemical behavior of IrOX NPs when they are freely diffusing in solution as compared
to electroflocculated films.

The IrIV/III redox couple displays a drastically different

dependence on pH compared to both the IrV/IV solution wave and both redox waves for the
films. Additionally, the data shed new light on phosphate ligand interactions with these
nanoparticles, and that while phosphate acts to coordinate the nanoparticle surfaces, the
equilibria in doing so can be sluggish. Preliminary studies confirm the ligating properties of
carboxylate and organophosphate, and how these hydrophobic ligands can confer organic
solvent solubility.
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CHAPTER 3
Electron Transfer Dynamics of Iridium Oxide Nanoparticles Attached to Electrodes by
Self-Assembled Monolayers
(This chapter is adapted with permission from Gambardella, A. A.; Feldberg, S. W.; Murray,
R. W. J. Am. Chem. Soc. 2012, 134, 5774. Copyright 2012 American Chemical Society.)
3.1 Introduction
In studying the mechanism of iridium oxide nanoparticles (IrOX NPs) as
electrocatalysts for water oxidation, understanding the electron transfer (ET) kinetics of the
associated reactions is paramount. Attaching a redox-active moiety to an electrode via a selfassembled monolayer (SAM) is a known method for slowing the ET rates of such redox
reactions under investigation to those that are measureable via conventional electroanalytical
techniques. There is a substantial literature on the electrochemistry and electron transfer
kinetics of redox species attached by self-assembled monolayers (SAMs)1–12 to planar gold
and Au nanoparticle surfaces. Attaching nanoparticles (NPs) to planar surfaces using SAMs,
however, has received little attention,13–19 and there have been no previous measurements of
ET dynamics of electroactive NPs on SAMs. Gaining control of ET to and from IrOX NPs
will subsequently allow for control of water oxidation, thus guiding mechanistic
determination.
This chapter describes the cyclic voltammetry (CV) of ~2 nm dia. iridium (IV) oxide
nanoparticles (IrOX NPs)20,21 attached by SAMs to Au electrode surfaces, and the

determination of apparent IrIV/III electron transfer rate constants of the NP sites. Electron
transfer rates of SAM-attached small molecule redox species (such as ferrocene) are known6–
11

to depend on the lengths of the alkane spacers linking them to the electrode surface.

Increasing the distance between the redox species and the electrode (i.e., electron tunneling
barrier) leads to slower ET rates. We demonstrate here an analogous linker chain length
dependence for kinetics of the IrIV/IIIOX NP reaction and additionally for the electrocatalyzed
water oxidation20,22,23 by a higher oxidation state of this metal oxide NP.
Specifically, alkyl–thiolate SAMs of varying chain lengths (number of carbons, n = 8,
12, or 16) terminated with carboxylic acids are used to attach the IrOX NPs at fixed distances
from a flat gold electrode. This choice of SAM is motivated by the affinity of IrOx NPs for
carboxylates21, allowing for NP immobilization. From the dependence of peak potential
separation (!Epeak) on potential scan rate, apparent ET rates are determined for the IrOX NPs
attached to SAMs (NP-SAMs) at each chain length utilizing theory derived from Butler–
Volmer.

3.2 Experimental
3.2.1 Chemicals and Materials
Potassium hexachloroiridate (K2IrCl6, 99.99%), gold coated (99.999% Au, 1000 Å;
titanium adhesion layer) microscope slides, 16-mercaptohexadecanoic acid (90%), 12mercaptododecanoic acid (96%), 8-mercaptooctanoic acid (95%), 1-hexadecanethiol (99%),
1-dodecanethiol (98%), and 1-octanethiol (98.5%) were purchased from Sigma Aldrich.
NaOH (50% w/w) was obtained from Fisher and used without further purification. Silicone
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O-rings (inner dia. 3.68 ± 0.13 mm) were purchased from Allorings.com, Inc. IrOX NPs
were synthesized as reported previously.21
3.2.2 Instrumentation and Electrochemical Details
Cyclic voltammetry (CV). CV was performed on a PINE Instruments WaveNow with
Pt counter and Ag/AgCl/3 M KCl (aq) reference electrodes in degassed 0.1 M NaOH
solution (pH = 12.74, conductivity = 22.7 mS/cm) or 1.0 M electrolyte comprised of 1:9
mole ratio of NaOH:KNO3 (pH = 12.88, conductivity = 104.0 mS/cm). All CV of the IrIV/III
redox couple was done at potentials avoiding onset of gold oxide formation and thiol
desorption.
The electrochemical cell comprised three main components: 1) Teflon body (inner
dia. 2.5 cm) that holds up to ~20 mL of solution, 2) acrylic cap with fixed openings for each
the reference electrode, counter electrode, and degassing pipette, and 3) acrylic bottom that
screws onto the body to clamp the working electrode (i.e., NP-SAMs coated Au slide) into
place. Where the Teflon body meets the acrylic bottom is a cavity that fits a silicone O-ring
producing a fixed electrode area of 0.106 ± 0.0075 cm2 (inner dia. 0.368 ± 0.013 cm). The
inner walls of the body are sloped near the base towards the working electrode cavity to
allow a close approach of the reference electrode without hindering diffusion.
3.2.3 Formation of Self-Assembled Monolayers with IrOX NPs (NP-SAMs)
Gold coated slides were cleaned with piranha (3:1 H2SO4:H2O2(30%)) for ~30 s and
rinsed with Nanopure water (18.3 M!) and EtOH (200 proof). The cleaned slides were
immediately dipped into vials of respective thiol solutions (1.0 mM) for 24 h. After soaking,
the slides were twice rinsed with EtOH (~40 mL) and 0.1 M NaOH (~20 mL) and dipped
into vials of IrOX NPs (as-synthesized, pH ~13) for ~48 h. After soaking, the slides were
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rinsed with ~60 mL Nanopure water (18.3 M!), dried with argon, and placed in a home-built
electrochemical cell.

3.3 Results and Discussion
Surface-attachment of the IrOX NPs was effected by exposing carboxylate-terminated
SAMs to basic (pH 13) IrOX NP solutions. (See cartoon structure in Scheme 3.1) The SAMs
comprised entirely 16-mercaptohexadecanoic acid (C16), 12-mercaptododecanoic acid
(C12), or 8-mercaptooctanoic acid (C8). Assemblies of IrOX NPs thusly attached to SAM
coated Au surfaces are referred to as NP-SAMs.
3.3.1 NP-SAM Voltammetry
Cyclic voltammetry of the IrIV/III redox wave of IrOX NPs captured by SAMs of these
three chain lengths is illustrated in Figure 3.1. The NP-SAM voltammetry (in NP-free
electrolyte solution) is quite stable over many cyclical potential scans. The stability is
degraded (as expected4,24-27) by scans to potentials sufficiently negative as to promote thiol
desorption or sufficiently positive to effect Au oxide formation. The coverage of attached
NPs was measured from the charge under the IrIV/III wave, which was independent of
potential scan rate (v) from 0.1 to 10 V/s (Table 3.1). The obtained coverage (!IrO2) varied
from a small fraction to a nearly complete monolayer of NPs (theoretical coverage is
estimated as ca. 4 x 10-11 mol NP/cm2 or 5 x 10-9 mol Ir/cm2 for ca. 2 nm dia. NPs containing
~130 Ir sites each). Owing in part to the SAM’s suppression of double layer capacitance
currents, the IrIV/III redox wave is well defined at both 10 % (e.g., 4 x 10"12 mol NP/cm2) and
ca. 1% (e.g., 4 x 10"13 mol NP/cm2) coverage of NPs on the SAM.
Figure 3.1 shows that the separations between oxidation and reduction IrIV/III peak
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Scheme 3.1 Cartoon of SAM-attached nanoparticle.
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Figure 3.1 Cyclic voltammetry (CV) of IrIV/III redox couple for NPs immobilized on SAMs
of C16, C12, and C8 illustrating !EPEAK dependence on chain length. Potential scan rates art
250 mV/s, 500 mV/s, 1 V/s, and 2 V/s. CVs were performed in 1.0 M electrolyte (1:9 mole
ratio of NaOH/KNO3, pH ~13) with 0.106 cm2 area electrode. See Table 3.1 for surface
coverage, !IrO2.
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S-10
Table S-1. Experimental coverage, !IrO2, in mol Ir/cm2, as determined from charge under

the cathodic and anodic IrIV/III waves across a range of potential scan rates for C8, C12,

2
Table
3.1 Experimental
coverage,
!IrO2, in mol
Ir/cm
as determined
charge under the
and C16.
Cathodic coverage
is independent
of scan
rate, and
is less than from
a monolayer.
IV/III
cathodic and anodic Ir
waves across a range of potential scan rates for C8, C12, and C16.
(The drift
of coverage
for the anodic
scansrate
is probably
because
anodic potential
Cathodic
coverage
is independent
of scan
and is less
than the
a monolayer.
(Thescan
drift of
coverage
the anodic
scans ismonolayer
possibly because
potential
scan range
is limited.)
range isfor
limited.)
Theoretical
coveragethe
for anodic
SAMs with
NP diameters
of ca.
Theoretical monolayer coverage for SAMs
with
NP
diameters
of
ca.
2.0
nm
(~130
Ir sites) is
-9
2
-9
2!IrO2 = 5.0 " 10 mol/cm determined using the radius of the
2.0
nm
(~130
Ir
sites)
is
!IrO2 = 5.0 ! 10 mol/cm determined using the radius of the electrode (1.84 mm) while
assuming
rutile
andassuming
a hexagonal
packed
monolayer
(i.e.,
fill factor
electrode
(1.84structure
mm) while
rutileclose
structure
and NP
a hexagonal
close
packed
NP =
0.73).

monolayer (i.e., fill factor = 0.73).
n

8

# (V/s)

Qcathodic(C)

!cathodic (moles Ir per cm2)

Qanodic(C)

!anodic (moles Ir per cm2)

0.1

1.57 " 10-6

1.5 " 10-10

1.76 " 10-6

1.7 " 10-10

0.5

1.61 " 10-6

1.6 " 10-10

1.71 " 10-6

1.7 " 10-10

1.0

1.61 " 10-6

1.6 " 10-10

1.55 " 10-6

1.5 " 10-10

10.0

1.35 " 10-6

1.3 " 10-10

1.07 " 10-6

1.1 " 10-10

AVG ~ (1.5 ± 0.12) " 10-10

12

AVG ~ (1.5 ± 0.31) " 10-10

0.1

1.37 " 10-6

1.3 " 10-10

1.57 " 10-6

1.5 " 10-10

0.5

1.09 " 10-6

1.1 " 10-10

1.18 " 10-6

1.2 " 10-10

1.0

1.19 " 10-6

1.2 " 10-10

1.07 " 10-6

1.1 " 10-10

4.0

1.07 " 10

1.0 " 10

8.34 " 10

8.2 " 10-11

-6

-10

-7

AVG ~(1.2 ± 0.13) " 10-10

16

AVG ~(1.1 ± 0.30) " 10-10

0.1

4.48 " 10-7

4.4 " 10-11

6.15 " 10-7

6.0 " 10-11

0.2

3.78 " 10-7

3.7 " 10-11

4.95 " 10-7

4.8 " 10-11

0.5

4.99 " 10-7

4.9 " 10-11

4.41 " 10-7

4.3 " 10-11

0.8

4.11 " 10-7

4.0 " 10-11

4.32 " 10-7

4.2 " 10-11

1.0

4.68 " 10-7

4.6 " 10-11

4.95 " 10-7

4.8 " 10-11

2.0

4.28 " 10-7

4.2 " 10-11

4.43 " 10-6

4.3 " 10-11

AVG ~(4.3 ± 0.42) " 10

-11
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AVG ~(4.8 ± 0.67) " 10-11

potentials (!EPEAK) increase with SAM chain length at a given scan rate, !.

This effect,

reflecting influence of chain length on apparent electron transfer rates, is strong evidence that
the NPs are attached to the SAM carboxylate termini, as opposed to being adsorbed to the Au
electrode surface. The suppressed double layer charging currents also show that the SAMs
survive exposure to aqueous base during the NP-SAM preparation (Figure 3.2).
Unsurprisingly, IrOX NPs also adsorb directly to naked (no SAM) Au surfaces as
indicated by appearance of the IrIV/III NP wave (and a non-suppressed double layer current
background) after exposure to a NP solution. These adsorbed NPs exhibit !EPEAK values that
are very similar to those of C8 NP-SAMs (Figure 3.3), because both are dominated by
solution uncompensated resistances.

The NP adsorption (and associated IrIV/III NP

voltammetry) is, however, entirely quenched if the electrode is coated with a nonfunctionalized alkanethiolate SAM before exposure to the NP solution.

This “direct”

adsorption does not appear to contribute to the CV responses in Figure 3.1.
An interesting aspect of the NP IrIV/III formal potentials, Eº’, is that values for NPSAMs, Eº’ ~ -0.40 V vs. Ag/AgCl, lie between those of freely diffusing IrOX NPs (Eº’ ~ 0.63 V, again at pH 13)22 and those of IrOX NPs in electroflocculated films (Eº’ ~ -0.25 V).20
Indeed, the SAM-bound NPs exist in an intermediate environment, being both held to a
surface by the SAM and exposed to the over-lying electrolyte solution.
The difference between the peak potentials of oxidation and reduction waves for
immobilized species (!EPEAK) is ideally zero for a reversible reaction,28 and increases when
the apparent electron transfer kinetics (kapp0) are slow or potential scan rate is increased. As
noted above, Figure 3.1 shows that increasing the SAM chain length substantially enlarges
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current, !A

6
3
0
-3

current, !A

-6
6

3
0
-3

current, !A

-6
18

0

-0.5

-1

9
0
250 mV/s
500 mV/s
1 V/s

-9
-18
0

-0.5

-1

E, V vs. Ag/AgCl
Figure 3.2 CV of SAMs prepared using C16 (top), C12 (middle), and C8 (bottom) but
without exposure to NP solution (soaking in NP-free 0.1 M NaOH for 2 days). CVs at
potential
scan S-1.
ratesCV
of 250
mV/s prepared
(green), 500
mV/s
V/s (blue)and
cover
Figure
of SAMs
using
C16(red),
(top),and
C121 (middle),
C8 windows
(bottom) but
comparable to those in experiments involving NPs (i.e., Figure 3.1). If potential limit is more
without
exposure
to NP
solution
in NP-free
M NaOH
positive
than values
shown,
a small
Au (soaking
oxide reduction
peak0.1
appears
at ~0forV.2 days). CVs at

potential scan rates of 250 mV/s (green), 500 mV/s (red), and 1 V/s (blue) cover windows
comparable to those in experiments involving NPs (i.e., Figure 1). If potential limit is
more positive than the values shown, a small Au oxide reduction peak appears at ~0 V.
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0
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(b)

0.7

"EPEAK, V vs. Ag/AgCl

0.6
0.5
0.4
0.3
0.2
0.1
directly adsorbed
C8 NP-SAMs

0
-1

-0.5

0

0.5

1

log(!)
Figure 3.3 (a) CVs of directly adsorbed NPs on Au-coated slide, performed in 0.1 M NaOH
Figure
Upper:
CVs of
directly
adsorbed
NPs
on Au-coated
performed in 0.1
at potential scan rates
of S-2.
250 mV/s
(green),
500
mV/s (red),
1 V/s
(blue),
and 2 V/sslide,
(purple).
Sample was prepared
in theatsame
manner
asrates
thoseofwith
but skipping
the thiol
soaking
M NaOH
potential
scan
250SAMs
mV/s (green),
500 mV/s
(red),
1 V/s (blue), and 2
-9
2
period. Surface coverage, !IrO2, 1.1 ! 10 mol Ir/cm . (b) Data for directly adsorbed NPs
V/s (purple). Sample was prepared in the same manner as those with SAMs but skipping
(unfilled) and NPs attached to C8-SAMs (filled) at a nearly equivalent !IrO2. NP IrIV/III
reactions by the SAM
chain
electron
tunneling
barrier.
The !peak
the thiol
soaking
period.
Surface
coverage,
1.1 ! 10-9separations
mol/cm2. Lower: Data for
IrO2, potential
increase with increased v, which provides an avenue for determining the NP IrIV/III apparent
directly adsorbed NPs (unfilled) and NPs attached to C8-SAMs (filled) at a nearly
reaction rate constants.
equivalent !IrO2.
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the !EPEAK values at a given v, signaling depression of apparent electron transfer rates of the
Figure 3.4 shows plots of !EPEAK vs log v for the C16, C12 and C8 systems obtained at pH
13 at two different ionic strengths associated with 0.1 M NaOH (blue open circles) and 0.1 M
NaOH + 0.9 M KNO3 (red open circles). A number of important conclusions can be reached
by inspection:
1. The data for C16 and C12 are virtually unaffected by the difference in ionic
strength because kapp0 is small, v is small, and, for the extant ionic strengths, iRUNC is
negligibly small.
2. The data for C8 are significantly affected by the difference in ionic strength
because the kapp0 associated with the shorter C8 tether v is larger, the currents associated with
the larger scan rates are larger, and the !EPEAK is very much a function of iRUNC.
0
3. The log of the ratio of the apparent rate constants— kapp,
and
C12

0
kapp,
C16

for C12 and

C16, respectively— is roughly approximated by the lateral shift of the plots, ~1.8 log10 units,
0
and therefore, kapp,
/ 0 ~60.
C12 k app,C16

4. One feature of the data, most apparent for the C12 and C8 data, is that !EPEAK does
not go to zero at low potential scan rates, perhaps indicative of a structural change associated
with the redox process, which is not uncommon when intercalation (of ions in this case) is
involved.29 (The structural change that appears to accompany the IrIV/III transformation
effects hysteresis and an energy loss. There does not appear to be a significant dependence
of this hysteresis on the ionic strength or on the tether (C12 or C16)). Note that the limiting
value of !EPEAK for small v (!EPEAK,baseline) does not exhibit significant dependence on the
ionic strength. In the absence of any good theory to deal with the suggested structure change,
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Figure 3.4 Experimental data for C16, C12, and C8 NP-SAMs from CVs performed in 0.1
M NaOH electrolyte (blue) and 1.0 M electrolyte (1:9 mole ratio of NaOH/KNO3, pH ~13)
(red). Due to signal/noise issues, data are lacking at very slow potential scan rates for the
low coverage C16 SAMs used for these CVs. A tabular form of the data is given in
Appendix 1, Table A1.1.
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the aforementioned “offset” is corrected by the simple expedient of adjusting the
!EPEAK,baseline to optimize the fit.
3.3.2 Electron Transfer Rate Determination
A preliminary attempt to develop theory correlating !EPEAK, kapp0, RUNC and v
invoked the simplifying assumption that electron transfer kinetics can be adequately
described by Butler–Volmer theory with a transfer coefficient, !, of 0.5 and a one-electron
transfer. 28 It is possible that Marcusian effects come into play with increasing values of
!EPEAK.11 The theory differs from that given by Laviron30 in that we focus on !EPEAK and
include the effects of RUNC. Relevant working curves, computed numerically (Appendix 1),
were plotted as F!EPEAK/RT vs. log10[Fv/RTkapp0] as a function of the dimensionless
resistance, RUNC,norm = (area)F2kapp0"IrO2RUNC/RT.
Analyses of the data in Figure 3.4 are shown in Figures 3.5. The resultant values for
the apparent rate constants for C16 and C12 NP-SAMs are 0.12 s!1 and 9.8 s!1, respectively.
The electron transfer rate of ferrocene on –S(CH2)16CO2– has been reported by Chidsey11 as
1.3 s-1 while that of cytochrome C covalently immobilized on –S(CH2)15CO2– has been
reported by Tarlov12 and coworkers as ca. 1 s-1. Of course, the chemical identities of these
earlier examples are not easily compared to the NP-SAMs. As already noted, data for C8
NP-SAMs, on the other hand, were found to be dominated by RUNC effects (i.e., kapp0 is too
large to be measured by the CV protocol), as shown in Figure 3.5 (c), and thus, are devoid of
useful electron transfer kinetic information.
There are a number of richly interesting issues that invite further study of this novel
mode of electron transfer rate control for NPs. Firstly and importantly, we note that the
IrIV/IIIOX reaction is a one electron-one proton process,21 so the NP-SAMs give access to a
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(a)

(b)

(c)

Figure 3.5 For NP-SAMs of (a) C16, (b) C12, and (c) C8, dependence of normalized
experimental !EPEAK on potential scan rate, !, from CVs performed in 0.1 M NaOH
electrolyte (blue) and 1.0 M electrolyte (1:9 mole ratio of NaOH:KNO3, pH ~13) (red) with
comparison to predictions of Butler–Volmer electron transfer theory and uncompensated
solution resistance effect (solid lines). The numerical labels on the curves denote different
choices of the normalized resistance parameter RUNC,norm = (area)F2kapp0"IrO2RUNC/RT, where
RUNC is the uncompensated resistance; double layer capacitance is assumed to be negligible.
For C12 and C16 NP-SAMs, respectively, "IrO2’s are ~1.2 # 10-10 and ~4.5 # 10-11 mol
Ir/cm2 and kapp0 = 9.8 and 0.12 s-1 from best-fit match. For C8 NP-SAMs, kapp0 is assumed to
be infinite. See associated theory in Appendix 1.
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possible case of proton-coupled electron transfer (PCET) in which the rate of the electron
transfer component can be profitably manipulated.31-40 Secondly, there may be multiple
carboxylate attachments to each NP (see cartoon in Scheme 3.1). This possibility can be
assessed by dilution of the SAM carboxylate sites with non-binding SAM chains. The
electron transfer rate constants kapp0 accordingly have been labeled apparent values. Thirdly,
use of SAMs with an expanded variety of SAM chain lengths will aid further explorations
(but will also require a synthetic effort). Fourthly, a change of the experimental approach,
such as towards potential step8,9,11 assessments of kapp0, and use of smaller electrodes (to
lessen uncompensated resistance effects) should give access to better kinetic data for the
shorter chain lengths. This step will also allow examination of consequences, if any, of the
somewhat broadened and differing cathodic-anodic peak shapes of the IrIV/IIIOX voltammetry.
The full-width-half-maximum of the peaks for the C12 and C16 systems is wider than ideal
for a 1-electron transfer. This could be caused by non-uniformity of NP sizes, size-dependent
Eº’ values, variations in the mode of attachment of the NP to the SAM, and/or by some other
non-ideal behavior.41
3.3.3 Water Oxidation with NP-SAMs
The results presented here suggest possibilities for exploration of electron transfer
rate control of the electrocatalytic oxidation of water by the IrOX NPs in higher valent states.
Preliminary results (Figure 3.6) are highly promising. A strong increase in oxidation currents
is seen at positive potentials, which are known20,22,23 to reflect high-valent NP
electrocatalysis of water oxidation. In a rotated ring-disk electrode experiment20 in which the
disk was IrOX NP-SAM-coated, O2 was detected at the ring.42 The significant aspect of
Figure 3.6 is that the water oxidation process becomes shifted to more positive potentials as
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Figure 3.6 CV of NPs immobilized on C16, C12, and C8 SAMs. The large currents at
positive potentials correspond to electrocatalyzed water oxidation, which occurs at increasing
over-potential, !, with increasing SAM chain length. CVs were performed at 500 mV/s in
0.1 M NaOH (pH ~13) electrolyte with 0.106 cm2 electrode area. Surface coverage, "IrO2,
was ~1.2 # 10-9, 1.1 # 10-9, and 1.0 # 10-9 mol Ir/cm2 for C16, C12, and C8 SAMs,
respectively. The dotted line at 0.5 mA/cm2 marks C16, C12, and C8 potentials for catalysis
of water oxidation at 0.68, 0.55, 0.546 V, respectively. With repeated scans, the NP-SAM
becomes degrade by Au oxide formation.
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the NP-SAM chain length is increased, signaling a SAM-imposed kinetic control of the
reaction. The potentials for water oxidation at 0.5 mA/cm2 are 0.546, 0.55 and 0.68 V for
C8, C12, and C16 SAMs, respectively. For comparison, the potential for water oxidation by
electroflocculated43 IrOX NP films is 0.50 V.20

The unmistakable retarding effect of NP-

SAM chain length in Figure 3.6 opens a potential avenue to studying the water oxidation
reaction mechanism at manipulable reaction rates.

3.4 Conclusions
The electron transfer kinetics study of IrOx NPs attached to SAMs on a flat electrode
surface encourages further study with regard to control, manipulation, and mechanistic
unraveling of water oxidation catalysis. Varying the chain length of NP-SAM assemblies
provides a model for understanding the role of electron transfer rates in other water oxidation
immobilized-catalyst schemes found in the literature.44 Such an investigation is necessary
for ultimately optimizing water oxidation catalysis. More broadly, the measurement of ET
rates for SAMs-attached IrOX NPs demonstrates that electroactive nanoparticles can be
studied and controlled in a similar manner to small redox species.
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CHAPTER 4
Surface Association of Iridium Oxide Nanoparticles as Determined by Solvent
Extractions
4.1 Introduction
Assessing the chemical and physical properties of small nanoparticles (< 5 nm) still
remains a research challenge.

It exists because of the limitations of characterization

techniques for species in this size range. New methodologies must be developed, or current
ones manipulated, to elucidate information about a nanoparticle of interest. Much success
has been reached with metal nanoparticles. Less research has focused on the characterization
of similarly small metal oxide nanoparticles. Furthermore, many understood properties of
successfully studied nanoparticles are driven by knowledge of bulk materials of the same
composition. For example, Au, ITO, SiO2, and TiO2 have well understood planar surfaces.1–7
The nanoparticles described herein, ~2 nm dia. iridium oxide nanoparticles (IrOX NPs) are
unique opportunities for study, and additionally, being excellent electrocatalysts for water
oxidation, have value in guiding research in solar cell development.8
Literature reports are scarce for iridium oxide nanoparticles9–17 and for their films.8,18–
28

Beginning in the 1970s, iridium oxide (IrO2) films were extensively studied for their

technological electrochromic properties.29–31

Investigations focused on IrO2 films for their

optical properties as a function of potential, showing little concern for their surface binding
chemistry. While it is common to read of ligation to ITO, SiO2, and TiO2 films,3–7 little is

reported for ligation to IrO2 surfaces. Consequently, the characterization of small IrOX NPs
is substantially unchartered territory. It is expected that the behavior of IrOX NPs, like that of
many NPs, is governed largely by their surface interactions. We report here a thorough
analysis describing IrOX NP surface chemistry.

Such information will support studies

involving

with

chromophore—catalyst

assemblies

IrOX

NPs

in

dye-sensitized

photoelectrosynthesis cell (DSPEC) research.
Previous research14 alluded to IrOX NPs as having stable interactions with carboxylic
and phosphoric acid containing ligands, yet without full characterization of these ligations.
We reported11 earlier that IrOX NPs are extractable from aqueous solution into CH2Cl2 via a
biphasic reaction where the organic solvent contains a carboxylic acid as a putative ligand.
Initial observation of a color shift from the aqueous to organic phase—along with TEM
images revealing NPs within the organic phase—verified surface association via a carboxylic
acid (or its conjugate).
Plausible arguments can be made favoring either (or both) the acidic or deprotonated
form of the initially added carboxylic acid as responsible for association with, and
subsequent extraction of, the IrOX NPs. For instance, the –COOH of the acidic form may
hydrogen bond with oxygen present on the IrOX NP surface while the –COO– of the
deprotonated form may coordinate with Ir metal sites. We seek to decipher the details of
association by observing how extraction, from the aqueous to organic phase, depends on a
variety of parameters. Most notably the pH of the aqueous layer is varied prior to organic
solvent exposure.

The resultant partitioning of the IrOX NPs between the two phases

provides information regarding conditions of favorable association. To avoid assumption
about the form that interacts for the remainder of this report, the associating species will be
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referred to as “HA/A-”, representing the potential of either the carboxylic acid or the
carboxylate (or both) as responsible for extraction.
As mentioned above, characterizing chemical association to a NP surface is difficult.
Such characterization becomes even more challenging when the association of interest is
weak, which may be expected if carboxylic acid is associating via hydrogen bonding. Two
techniques that have proven useful in the study of capped NPs are mass spectrometry—
namely electrospray ionization (ESI)32–35 and matrix-assisted laser desorption/ionization
(MALDI)36–40—and nuclear magnetic resonance spectroscopy (NMR)41–49.

Mass

spectrometry has the inherent requirement that it requires optimization of a variety of
parameters that are sample specific. In an on-going study of IrOX NPs, we have only had
minimal success (Chapter 5) using MALDI. On the other hand, while being easier to
execute, NMR has the caveat that the capped NP sample must be fairly well cleaned of
excess associating species. In the case where association is weak, and an equilibrium likely
exists between associated and free species, the task of washing NPs is undoubtedly fraught
with ambiguity. In spite of this issue, we will briefly describe the results of our NMR
attempts.
UV–Vis spectrophotometry guides the majority of our characterization of the
partitioning of IrOX NPs as surface associations are modified. Nanoparticle partitioning
investigation is not new to the field of nanoscience, especially in the area of nanotoxicity,50
nor is capping a nanoparticle surface via extraction.51,52

While our methods share

similarities, our goal is to use extraction, and thus partitioning, as a tool to investigate pHdependent surface interactions of IrOX NPs. The voltammetry of freely-diffusing IrOX NPs
as a function of pH indeed shows that the NP surfaces (i.e., the pKa of the surface sites) are
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readily responsive to changes in pH.11 We will show herein that the HA/A- association,
while driven by the NP surface, is far from simple, involving a number of equilibria.

4.2 Experimental
4.2.1 Chemicals and Materials
Potassium hexachloroiridate (K2IrCl6, 99.99%), 70% HClO4 (double distilled), nbutanol (optima grade), valeric acid (99%), butyric acid (99%), hexanoic acid (99%),
octanoic acid (98%), 5-bromovaleric acid (97%), 2-bromovaleric acid (98%), 5-phenylvaleric
acid (99%), 6-bromohexanoic acid (97%), benzoic acid (99.5%), 4-fluorobenzoic acid (98%),
3-fluorobenzoic acid (97%), 2-fluorobenzoic acid (99%), 2-bromobenzoic acid (97%), 4methoxybenzoic

acid

(99%),

4-nitrobenzoic

acid

(99%),

cinnamic

acid

(99%),

dibutylphosphate (97%), butylmalonic acid (99%), tetrabutylammonium perchlorate (99%),
and tetrabutylammonium hydroxide (1.0 M in MeOH) were purchased from Sigma Aldrich.
NaOH (50% w/w), dichloromethane (optima grade), toluene (optima grade), hexanes (optima
grade), chloroform (optima grade), ethyl acetate (optima grade), and dichlormethane-d2 (99.9
atom % D) were obtained from Fisher Scientific. IrOX NPs were synthesized as reported
previously.11
4.2.2 Instrumentation
Ultraviolet–Visible Spectrophotometry (UV–Vis). UV–Vis spectra were gathered on
a Thermo Scientific Evolution Array UV–Visible spectrophotometer. For measurements of
very low absorbance (e.g., aqueous phases following extraction), the average of three
consecutive scans was taken for the absorbance of the major peak (~570 nm).
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For

measurements of the CH2Cl2 phase, spectra were gathered until a stable absorbance was
reached (~5 to 10 scans).
pH Measurements. All aqueous pH were measured with a 3-point calibrated Corning
pH Meter 445. The associated relative accuracy with the measurement is 0.01, according to
the manufacturer’s specification sheet.
High-Resolution Transmission Electron Microscopy (TEM). TEM images of organic
soluble IrOX NPs prepared on copper grids (200 copper mesh, carbon-coated Formvar; Ted
Pella Inc., Redding, CA) were collected on a JEOL 2010F FasTEM.
1

H-Nuclear Magnetic Spectroscopy (1H-NMR). Room temperature 1H-NMR spectra

were gathered on a 600 mHz Bruker spectrometer. Low temperature 1H-NMR spectra were
gathered on a 500 mHz Bruker spectrometer. Spectra showed no variation whether taken for
16 up to 256 scans.
4.2.3 Stepwise Extraction of IrOX NPs with pH Modification
Most experiments followed this procedure, which will be labeled the “Stepwise”
procedure. (Step 1) To 5 mL of as-synthesized aqueous IrOX NPs11 (pale purple, 12.5 !mol
in Ir, 0.5 mmol in NaOH, pH ~12.8), pure valeric acid (1.0 mmol) was added while stirring;
the solution turns hazy and brown upon addition, attributed to flocculation as the pH rapidly
changes. The solution was capped and vigorously stirred for ~24 h; during the first few
minutes, care was taken to vent the reaction vials periodically to release pressure. A mauvepurple precipitate formed. After 24 h, the pH was measured of the clarified, nearly colorless
solution (ca. 4.7, approx. the pKa of valeric acid53). Adjustment to the desired pH was done
using NaOH (50% w/w) or HClO4 (70%, doubly distilled) accordingly, and each solution
was stirred for ca. 30–60 min before measuring pH. The pH measured after stirring will be
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denoted “pHpre,” referring to the pH taken pre-extraction.

(Step 2) Dichloromethane

(CH2Cl2, 5 mL) was added to the 5 mL aqueous solution while stirring, and the reaction
mixture was capped and vigorously stirred in the dark for ~24 h. At some pH values,
extraction occurred rapidly, yet all were left to stir and equilibrate. Dependent on the pHpre, a
brown or pale purple emulsion remained at the biphasic interface on completion. The two
phases were separated into new vials for analysis, avoiding collection of the emulsion. UV–
Vis spectra were taken of both phases, and the aqueous phase pH was measured; this final pH
will be denoted “pHpost”, referring to the pH taken post-extraction. Control reactions were
performed in the same manner by beginning with 0.1 M NaOH solution containing no IrOX
NPs.
For 2-bromovaleric acid, the same procedure was followed, with the pH prior to pH
adjustment reaching ca. 2.7 (approx. the pKa53). During the initial several minutes, pressure
build-up was more significant than for valeric acid, necessitating frequent venting.

In

addition, at the completion of Step 1, the high pH aqueous samples turned clear, yellowgreen and showed no trace of NPs in TEM, while the others remained purple or colorless
The Stepwise procedure was also tried for other chain lengths. Of note, for short
chain carboxylic acids, such as butyric and valeric, where the acids and sodium conjugates
are aqueous soluble, Step 1 resulted in solid blue-purple or mauve-purple precipitate,
respectively, with a color loss to the aqueous solution (pH ca. 4.7). As an alternative to Step
2, these solids could be centrifuge separated and redissolved in CH2Cl2. On the other hand,
longer chain carboxylic acids, such as hexanoic and octanoic, where the sodium conjugates
are readily aqueous soluble while the acidic forms are not, produced colorless solutions (pH
ca. 4.7) with suspended purple oil droplets during Step 1. Centrifugation and washing did
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little to break up the oil but subsequent 24 h stirring with organic solvent led to expected
extraction. The oily property, which depended on pH, is attributed to both the oily free acid
and NP population being insoluble. For instance, upon adding sodium hexanoate (0.5 mmol)
in Step 1, the pH, color, and clarity remained unchanged from as-synthesized NPs, yet
adjusting the pH with HClO4 to ~5.5 (> pKa) with stirring resulted in a purple solid
precipitate while lowering the pH further (of the same solution) to ~4.5 (< pKa) resulted in a
purple oil, indicating that increasing the amount of free acid present enhances the oily
behavior.
The extinction coefficient (!) of IrOX NPs in the organic phase was determined for
three samples (pHpre = 3.7, 3.8, and 4.1) following extractions that exhibited no emulsion at
the interface and a colorless aqueous phase, representing complete extraction.

Serial

dilutions were performed to produce 2-, 3-, 4-, and 10-fold dilutions. Because measurement
involved CH2Cl2, a graduated glass pipette was used to ensure the most accurate volume
measurements. UV–Vis spectra were obtained for each dilution.
4.2.4 Biphasic of IrOX NPs Extraction
A few early experiments were done by the following procedure, which will be labeled
the “Biphasic” procedure. A mixture of 5 mL each, as-synthesized aqueous IrOX NPs11 (pale
purple, 12.5 !mol in Ir, 0.5 mmol in NaOH, pH ~12.8) and carboxylic acid (1.0 mmol) in
CH2Cl2, was prepared; upon addition of the NPs to the stirred organic phase, the mixed
solution immediately turns hazy and brown. The reaction vial was capped and vigorously
stirred in the dark for ~24 h. At completion, the aqueous layer had clarified to nearly
colorless and the organic layer ranged from dark blue to vivid purple, depending on the
carboxylic acid (clarity also varied). For many acids, a brown emulsion, suspected to be NPs
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insoluble in both phases, remained at the biphasic interface. The two phases were separated
into new vials for analysis, avoiding the emulsion. UV–Vis spectra were gathered, and the
pH was measured.
Variations of the Biphasic procedure were made for studying the dependence of the
extraction on solvent, concentration, and time. In solvent studies, CH2Cl2 was substituted
with chloroform, toluene, hexanes, n-butanol, or ethyl acetate. In concentration studies, the
initial IrOX NP solution remained at 0.1 M NaOH (0.5 mmol) while the formal carboxylic
acid concentration was varied from 0.2 M (1.0 mmol) to produce mole ratios of octanoic acid
to hydroxide of 10:1, 5:1, 2:1, and 1.5:1 and phenylvaleric acid to hydroxide of 10:1, 7.5:1,
5:1, 2:1, and 1.5:1.

In time studies, the stirring of the reaction mixture was halted

temporarily, and the organic phase removed for UV–Vis measurement; a timer recording
reaction time was stopped while not stirring and the time was recorded.
4.2.5 1H-NMR Sample Preparation
Samples were prepared for 1H-NMR by performing Step 1 of the Stepwise procedure
scaled up to 50 mL IrOX NPs using 2-bromovaleric acid (BVA, 10 mmol). The brominated
valeric acid was chosen to shift the peak for the proton adjacent to the carboxyl group
downfield, isolating it for integration.

The pH of the resulting solution was ca. 2.7,

approximately the pKa.53 Precipitate, which stuck to the stir bar nearly completely, was
collected, dissolved in CH2Cl2, and rotovap dried to yield a purple oily solid. Presuming
excess BVA (and its conjugate) remained mostly in solution (clear, colorless), and thusly,
was at a low concentration within the precipitate (dark purple), 1H-NMR was performed on
the oily solid dissolved in deuterated CH2Cl2 (CD2Cl2, < 1 mL, > 50! original NP
concentration) without washing; chloroform (1 !L) was used as an internal standard. Of
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note, attempts at washing were made that demonstrated gradual changes in solubility and
solution appearance, implying HA/A- association is weak. Because our interest was to assess
the NP surface chemistry following HA/A- association, no collected precipitate was washed
to avoid manipulating the surface.
Subsequent 1H-NMR spectra were obtained 5 min following the addition of 4methoxybenzoic acid (MBA) to the BVA NP sample to assess potential exchange of
associations. Spectra were also taken in the absence of NPs for BVA with and without MBA
addition, BVA plus tetrabutylammonium hydroxide (TBAOH, 1.0 M in MeOH) with and
without MBA addition, MBA alone, and MBA plus TBAOH (1.0 M in MeOH), all at
concentrations comparable to those determined through integration of the NP sample peaks.
MBA is only partially soluble in CH2Cl2.
Another set of 1H-NMR experiments was performed on a fresh sample prepared from
25 mL IrOX NPs with BVA (5.0 mmol). Spectra were sequentially gathered on the sample
as-prepared, following addition of tetrabutylammonium perchlorate (TBAP), and subsequent
addition of TBAOH (1.0 M in MeOH); all spectra were gathered immediately following
additions. One week later, after storing in the freezer, 1H-NMR was taken again.
Lastly, a third sample was prepared for low temperature 1H-NMR, again from 25 mL
IrOX NPs with BVA (5.0 mmol). Spectra were gathered from room temperature down to -90
ºC (freezing point of CH2Cl2 = -97 ºC) in 10 ºC increments.
4.3 Results and Discussion
The central variable in IrOX NP extraction into CH2Cl2 via carboxylic acid addition is
pH. Because it is plausible that either the carboxylic acid and/or its conjugate may be
capping the NP (e.g., hydrogen-bonding, coordinating, etc.), the reader is reminded that
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“HA/A-” will be used to represent the interacting, or associating, species to avoid implying
that either the acid or conjugate base dominate. To examine HA/A- association with the NP
surface and its dependence on pH, we chose to focus on valeric acid, which is soluble in both
organic and aqueous phases. For reference, valeric acid has a pKa = 4.83.53
4.3.1 Influence of pH on Stepwise Extraction
Using the Stepwise extraction procedure with valeric acid (see Experimental Section),
visual observations reveal that the partitioning of IrOX NPs between the aqueous and CH2Cl2
phases varies with pH, reflecting varying degrees of HA/A- association. Photographs taken
at a variety of pH are shown in Figure 4.1. Even prior to extraction, following Step 1, it was
apparent that HA/A- association with the NP surface depends on pH, as seen from the
variation in solution color and clarity as well as in amount of precipitate (Figure 4.1 (a)).
Supportive of the color transfers observed from the aqueous phase to the organic phase, TEM
images (Figure 4.2) of the organic phase following extractions from several pH confirm that
the NPs are extracted while retaining their approximate size and shape.
UV–Vis spectrophotometry of the aqueous and organic layers details the partitioning
of the IrOX NPs between the two phases as a function of pH (Figures 4.3). The maximum
amount of extraction occurs when the pHpre (i.e., aqueous phase pH prior to CH2Cl2 addition,
as defined in the Experimental Section) is 3.6 ± 0.6, a value below the pKa of valeric acid.
As the pHpre of the aqueous phase approaches ca. 3.6, the intensity of the colored CH2Cl2
phase increases, as readily evidenced by the large increase in the absorbance peak at ~570
nm (Figure 4.3, top). Complementing these observations, as pH increases (or decreases)
beyond the value of maximum extraction, the aqueous peaks overall intensify (Figure 4.3,
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10.53
9.67
8.33
7.00
6.17
4.05
3.32
2.58
1.99

(c)

(b)

(a)

1.10
aqueous pH
before extract

Figure 4.1 Photographs of (a) aqueous reaction solutions following Step 1, after pH
adjustment to values indicated; (b) reaction solutions following Step 2, extraction with
CH2Cl2 (top layer = aqueous, bottom layer = CH2Cl2); and (c) CH2Cl2 layers following Step
2 after removing the aqueous layers to aid visual comparison. Each for valeric acid addition.
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pH 1.10!

pH 3.32

pH 1.99!

pH 4.80!

pH 2.58!

pH 6.60!

Figure 4.2 TEM images of organic phases following extraction via valeric acid addition
from aqueous solutions at pH indicated. Scale bar is at 5 nm. Regularity in size and shape is
most apparent for samples near the pH leading to maximum extraction.
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CH2Cl2

7.00
4.72
5.55

absorbance, AU

absorbance, AU

8.33
1.99

CH2Cl2

6.04
6.42
9.67

1.10
10.53
wavelength, nm
9.67

aqueous

2.58
3.37
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1.99

absorbance, AU
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(b)!

wavelength, nm

wavelength, nm

8.33

aqueous

10.53
6.04
5.55
4.72
7.00
6.42

wavelength, nm

Figure 4.3 As a function of pre-extraction pH, UV-Vis spectra of NPs in (a) the organic
layers, where absorbance increases (left) and decreases (right) with increasing pH, and the
corresponding (b) aqueous layers, where absorbance decreases (left) and increases (right)
with increasing pH, following extraction via valeric acid addition. Colors correlate with
points in Figure 4.4. Near the pH of maximum extraction the absorbance data display
fluctuation owing to the very high absorbance values.

104

bottom). To more clearly represent the trends observed, Figure 4.4 plots the maximum
absorbance (at ~570 nm) for both phases versus pH.
An extinction coefficient for the NPs in the organic phase gathered from samples
exhibiting maximum extraction, no emulsion, and a colorless aqueous layer (together
implying complete extraction) was determined to be ! = 7.0 ± 0.25 " 104 cm-1 M-1; the
corresponding calibration plots are shown in Figure 4.5. Assuming complete extraction, NP
size retention (see TEM in Figure 4.2), and rutile structure, the maximum concentration of
IrOX NPs in the organic phase is equivalent to the initial NP concentration, ca. 19 !M, in the
aqueous phase.54 The concentrations of NPs in organic phases for partial extraction are thus
< 19 !M as shown in Table 4.1 and displayed on the right-hand axis in Figure 4.4.
The results thus far presented indicate that HA/A- association, as dependent on pH, is
more complicated than the equilibrium between valeric acid and its conjugate. That is, the
IrOX NP surface sites play an important role in HA/A- association as a function of pH. In the
instance that the NP surface would have a negligible effect on HA/A- association, one of two
scenarios is feasible, driven by either HA or A- association. On the one hand, valeric acid
could dominate association with the NP surface, resulting in the absorbance of the organic
phase approaching and maintaining a maximum as the pH is lowered to and below the pKa;
this reflects the acidic form being in higher concentration than its conjugate at low pH
(Figure 4.6 provides a plot of fraction of species versus pH). On the other hand, valerate
could dominate association, leading to an analogous result but as pH increases to and above
the pKa. The data in Figure 4.4 demonstrate neither scenario, nor both (i.e., pH independent).
Rather, a trend opposing the two plausible outcomes at extreme pH (i.e., a decrease in
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Figure 4.4 Plot showing pH dependence of maximum absorbance for major peak (~570 nm)
of NPs in both the CH2Cl2 (closed circles) and aqueous (open circles) layers following
extraction in the presence of valeric acid. Data corresponds to Figure 4.3. The secondary yaxis reflects the concentration of IrOX NPs as determined using the calibration plot in Figure
4.5.
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Figure 4.5 Calibration plot for the determination of the extinction coefficient, !, using three
extraction solutions that visibly appeared to have complete extraction (i.e., no emulsion nor
color in the aqueous phase) following valeric acid addition. Each solution was diluted 2-, 3-,
4-, and 10-fold; the original, most-concentrated solution was not used in the plot as the
absorbance is greater than 1 and out of the linear region. For concentration calculations, ! =
7.0 ± 0.25 ! 104 cm-1 M-1, the average of the three slopes, was used.
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Table 4.1 Concentration of IrOX NPs in CH2Cl2 phase following extraction after addition of
valeric acid from aqueous solution at given pH and as determined from calibration plot in
Figure 4.5 (! = 7.0 ± 0.25 ! 104 cm-1 M-1). Data corresponds to colored spectra and points in
Figure 4.3 and 4.4, respectively.

aqueous pH before
extraction, pHpre

concentration
(!M) in CH2Cl2

1.10

4.2

1.99

9.3

2.58

17

3.37

19

4.12

20*

4.72

17

5.55

15

6.04

13

6.42

11

7.00

9.5

8.33

4.3

9.67

0.79

10.53

0.28

* The concentration of maximum extraction is 19 "M (concentration of as-synthesized NPs),
therefore, any value above this is a result of experimental error (e.g., the determination of the
extinction coefficient (!), assumptions regarding ! remaining constant with pH, inaccuracies
in absorbance measurements, etc.).
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Figure 4.6 Fraction of species plot as a function of pH for valeric acid, HA, and its
conjugate base, sodium valerate, A–, with pKa = 4.83.
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extraction) is observed, revealing that the pH effect on the NP surface sites is significant and
neither valeric acid nor valerate can be attributed as the sole associating species.
The pH of maximum extraction has significance because it lies at pH below the
valeric acid pKa, suggesting that while the NP surface influences association, HA is favored.
To determine if this implication is valid, a carboxylic acid with a pKa below the pH
producing maximum extraction was substituted in place of valeric acid. The Stepwise
procedure performed with 2-bromovaleric acid (pKa ~2.9)53 produced a dependence of
absorbance on pH that closely matches that of valeric acid, as shown in Figure 4.7. Despite
the change in pKa, the IrOX NPs still maximally extract at pH of 3.6 ± 0.6 (see TEM image in
Figure 4.7 (b)), indicating that the influence of pH on the NP surface sites in fact dominates
the susceptibility of the NPs toward association and subsequent extraction. Because the NPs
maximally extract below the pKa of valeric acid (~4.8) and above the pKa of 2-bromovaleric
acid (~2.9), it cannot be concluded whether HA or A- dominates. Additionally, designating
either HA or A- as the favored associative species is further problematic since maximum
extraction occurs less than two pH units away from the pKa of both acids, where both HA
and A- are present in concentrations much larger than that required to coat the NP surface.
For the remainder of this section, focus returns to studies with valeric acid addition.
Despite the NPs having a definite role in their extractability, they exert no measurable effect
on the pH, which is not surprising considering the large excess of valeric acid used. For
extractions performed both with and without NPs, aqueous pH was measured pre-extraction,
pHpre (i.e., following Step 1), and post-extraction, pHpost (i.e., following Step 2), as displayed
in Figure 4.8. The results were the same in the presence and absence of NPs, indicating that
the pH variation is a result of the free carboxylic acid partitioning. The IrOX NPs are at such
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(b)!
(b)!

Figure 4.7 (a) Plot showing pH dependence of maximum absorbance for major peak (~570
nm) of NPs in both the CH2Cl2 (closed circles) and aqueous (open circles) layers following
extraction in the presence of 2-bromovaleric acid. (b) TEM image of organic phase following
extraction aqueous solution at pH 3.98. Scale bar is at 5 nm.
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Figure 4.8 Plot of the pH for the aqueous phase measured pre- and post-extraction for
reactions with and without NPs; extractions performed with valeric acid addition. Diagonal
line representing no pH change is drawn to help guide the reader’s eye.
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a low concentration (ca. 19 !M, assuming 2 nm diameter and rutile structure)8,11,13 as to have
no noticeable effect on the proton concentration as pH changes. Consequently, change in pH
is uninformative as to the surface reactions taking place and only relates to the partitioning of
valeric acid and the equilibrium between valeric acid and sodium valerate.
To further represent the complexity of the HA/A- association, Scheme 4.1 illustrates
each equilibrium relationship in both phases, taking the assumption that A- is soluble only in
the aqueous phase. The NP can take on one of three states: 1. unassociated with HA/A- and
aqueous soluble; 2. low coverage association with HA/A- and aqueous soluble; and 3. high
coverage association with HA/A- and CH2Cl2 soluble. Even while neither HA nor A- may be
eliminated as responsible for association, there are fine details in the absorbance data that
further reveal the NP and HA/A- roles in association and partitioning as a function of pH.
In an attempt to unveil such details regarding HA/A- association, apparent
distribution coefficients, DNPDCM/AQ, were determined for the IrOX NPs by taking the ratio of
the maximum absorbance (~570 nm) peak in each layer (ADCM/AAQ) at a given pHpre (Table
4.2) for data represented by colored points in Figure 4.4. A plot of the resulting DNPDCM/AQ
versus pH for all data is shown in Figure 4.9. Taking ratios of absolute absorbance assumes
that the pH change and the solvent difference have little affect on the NP extinction
coefficient. Dividing the plot of IrOX NP distribution coefficients (Figure 4.9) into four
distinct pH regions allows comparison of all known species in solution. To begin, at pH ca.
9, the NPs favor both phases equally with DNPDCM/AQ = 1. Above pH ~9, region IV, IrOX
NPs favor the aqueous phase as DNPDCM/AQ decreases below 1, implying that high coverage
association with valerate—the dominant species at pH > 9—is not feasible, perhaps due to
the NPs having a negative surface charge.
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A–!

(A–)m!
IrOX!
(HA)n!

HA!
aqueous!
organic!

(A–)m’!
IrOX!
(HA)n’!

HA!

Scheme 4.1 Distribution of free carboxylic acid and conjugate base as well as IrOX NP after
association with either. Subscripts m and n as well as m’ and n’ correspond to the number of
A- and HA associated with the NP surface in each phase.
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Table 4.2 Apparent distribution coefficients for IrOX NPs between the CH2Cl2 and aqueous
phases at a given pH as determined by maximum absorbance peak (ca. 570 nm) in both
phases. Data corresponds to colored spectra and points in Figure 4.3 and 4.4, respectively.
For all pH, DNPDCM/AQ are plotted in Figure 4.9.
aqueous pH
before extraction,
pHpre

absorbance in
CH2Cl2,
ADCM

absorbance in
aqueous,
AAQ

distribution coefficient
of IrOX NPs,
NP
D DCM/AQ = ADCM/AAQ

1.10

0.29

0.11

2.7

1.99

0.65

0.077

8.5

2.58

1.18

0.016

75

3.37

1.35

0.009

150

4.12

1.37

0.009

155

4.72

1.19

0.012

104

5.55

1.05

0.015

69

6.04

0.87

0.026

34

6.42

0.77

0.051

15

7.00

0.66

0.076

8.7

8.33

0.30

0.15

1.7

9.67

0.056

0.32

0.17

10.53

0.019

0.33

0.06
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Figure 4.9 Plot of apparent distribution coefficients for IrOX NPs extracted with addition of
valeric acid as a function of pH. Each point is the ratio of the maximum absorbance in the
CH2Cl2 phase (ADCM) to that in the aqueous phase (AAQ) for the major peak (~570) at a given
pH. The plot is divided into four regions indicating where the NPs favor (I) the CH2Cl2
phase as pH increases, (II) the CH2Cl2 phase at maximum extraction, (III) the CH2Cl2 phase
as pH decreases, and (IV) the aqueous phase.
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In regions I, II, and III, the IrOX NPs favor HA/A- association since DNPDCM/AQ is
greater than 1. Extraction is at a maximum in region II as the NPs readily associate with
HA/A- and extract into CH2Cl2. In this region, near the pKa, both HA and A- are present in
amounts adequate for complete NP surface coverage. In region I and III, NP extractability is
reduced as HA/A- association diminishes.

Especially noteworthy is the difference in

extraction favorability as pH decreases versus increases away from region II. The decline in
region I (approx. 1 AU per unit) is steeper than that in region III (approx. 0.5 AU per unit),
implying that HA/A- association with the NP is more stable toward basic conditions than
acidic conditions.
In 2008, Yagi and coworkers24 saw a similar dependence on pH when dip-coating
ITO substrates in IrOX NPs (~ dia. 75 nm) that were synthesized in the presence of sodium
hydrogen citrate at pH 7.5. They found that coverage was highest when coating from
solutions at pH between 3.5 and 4.1. Unfavorable coating was only discussed in regard to
the interaction between the ITO substrate and the citrate (or citric acid) functional groups, yet
from the analogous results just described in this report, it can be seen that changing
associations with the IrOX surface are also worth consideration.
Lastly, there exist spectral subtleties (Figure 4.3) that deserve mention. For instance,
the aqueous layers reveal changes near the UV region of the spectrum in the intensity of
peaks at ~270 nm and ~320 nm. The peak at ~320 nm becomes more prominent as pH rises
away from maximum extraction, while that at ~270 nm grows as the pH is lowered below
that of maximum extraction. A similar dependence on pH was seen in this spectral region in
our earlier report on phosphate-supported, freely-diffusing NPs (aq) across pH.11 The peak at
~320 nm, and its dependence on pH, has previously been claimed10 to result from monomeric
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species. Additionally, at lower pH, for both the aqueous and CH2Cl2 phases, the major peak
(ca. 570 nm) slightly red shifts.

Lastly, a shoulder can sometimes be seen at longer

wavelengths (ca. 850 nm), which may be caused by scattering from the formation of
aggregates.
4.3.2 1H-NMR of IrOX NPs
Solid precipitate can be isolated via the Stepwise method (Step 1), so many attempts
at NMR have been made, but without a clear picture emerging. Previous literature on ligand
capped NPs, such as thiolate-protected Au NPs, demonstrates NMR spectra having broad
peaks for protons on moieties bound to the NP surface.42–49 In Figure 4.10, a 1H-NMR
spectrum of IrOX NPs (green trace) precipitated from aqueous solution following addition of
2-bromovaleric acid (see Experimental Section), denoted BVA-prepared IrOX NPs, shows
broad peaks for the protons of BVA as compared to those seen for BVA in the absence of
NPs (blue trace). The favored explanation supporting such broadened peaks is that slow
tumbling of the large NPs (with respect to small molecules) produces a spreading of the
averaged magnetic field. Recall, an NMR sample is spun to average the magnetic field of
felt by a species in solution producing sharp peaks,55 and thus, slower tumbling weakens the
influence of spinning. Integration of the proton on the brominated carbon (labeled B in
Figure 4.10), with respect to CHCl3 (internal standard), determines ~73 BVA (or its
conjugate) are associated with the NPs, assuming 2 nm diameters, which is plausible (see
Figure 4.10 for details).
As a consequence of peak broadening, NP ligand exchange reactions in real time have
been monitored whereby sharp peaks represent newly added ligand at short time and
liberated ligand at long time.42,47,49 When 4-methoxybenzoic acid (MBA) was added to the
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Figure 4.10 Overlay of 1H-NMR spectra of (bottom) IrOX NPs capped in 2-bromovaleric
acid, or 2-bromovalerate, (i.e., BVA-capped) with (purple) and without (green) addition of 4methoxybenzoic acid and (top) 2-bromovaleric acid with (red) and without (blue) addition of
4-methoxybenzoic acid in the absence of IrOX NPs. All gathered in CD2Cl2 with CHCl3
internal standard. Spectra with 4-methoxybenzoic acid were taken 5 min following addition.
The integral of B 1H is ~5.64 (green or purple), amounting to ~73 BVA per NP; see Table
4.3 for details regarding calculation. The integral of X 2H is ~6.41, amounting to ~41 MBA
per NP.
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BVA-prepared IrOX NP sample, the peaks of this added acid are broad (Figure 4.10, purple
trace), similar to those of BVA; the addition amounts to ~41 MBA per NP. According to
calculations assuming the surface area of association, the MBA may also be associating.
However, in analogous experiments, subsequent incremental additions of the original acid
(e.g., benzoic acid, data not shown) lead to peaks growing in area while remaining broad,
despite having large excess (approx. 20-fold molar), suggesting that association to the slowly
tumbling NP is not the only aspect causing broadening.
Other factors besides surface attachment to a NP can lead to peak broadening. Two
that may contribute to our system are paramagnetism and ligand exchange kinetics. From the
range of results obtained while probing these two effects, we postulate that each broadening
effect is playing a role. Again, lacking knowledge about the type of association at the IrOX
NP surface leads to complicated results without a clear explanation.
In 1H-NMR, paramagnetism, while not very well understood, is known to cause peak
broadening as well as shifting.55 To test for the influence of paramagnetism, 1H-NMR was
performed

on

freshly

BVA-prepared

IrOX

NPs

that

were

spiked

first

with

tetrabutylammonium perchlorate (TBAP) and second with tetrabutylammonium hydroxide
(TBAOH). With the former addition, it was expected that the BVA peaks remain unchanged,
as TBAP is not thought to readily associate with the NP surface. Meanwhile, the TBAP
peaks should thusly appear sharp if paramagnetism is negligible and broad if paramagnetism
is a dominating presence. The resultant spectrum in Figure 4.11 (red trace) reveals neither
expectation but instead shows that every peak is sharpened relative to those in the spectrum
without TBAP (Figure 4.11, blue trace). The latter addition of TBAOH produces striking
results as well. Recall from the pH studies, hydroxide dissociates HA/A- causing the NPs to
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Figure 4.11 Overlay of 1H-NMR spectra of BVA-capped IrOX NPs as tetrabutylammonium
perchlorate (TBAP) and hydroxide (TBAOH) salts were added consecutively. From bottom
to top: (blue) BVA-capped IrOX NPs as prepared in the Experimental Section, (red)
immediately following addition of TBAP, (green) immediately following addition of
TBAOH, and (purple) one week after the addition of TBAOH. All gathered in CD2Cl2 with
CHCl3 internal standard. Corresponding integrals are in Table 4.3.
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remain in the basic aqueous phase (stirring CH2Cl2-soluble extracted NPs with a basic
solution has the same effect). It was hypothesized that TBAOH will similarly dissociate
HA/A- from the NPs leading to precipitation within the NMR sample. Upon addition of
TBAOH to the BVA-prepared IrOX NPs (containing TBAP), no visual change was seen (for
hours), yet one week after storing in the freezer, grey precipitate had formed at the bottom of
the NMR tube and the solution had grown paler. Figure 4.11 (green and purple traces) shows
the 1H-NMR spectra at the two time points presenting broadened peaks for all species in
solution at the first and a mixture of broad and sharp peaks at the second. A control spectrum
(data not shown) of BVA with addition of TBAOH shows no peculiar behavior but merely is
the sum of the individual spectrum of BVA and TBAOH.
The last spectrum (Figure 4.11, purple trace) provides the most evidence of the
plausible broadening mechanisms. Because both sharp and broad peaks are present, any
influence of paramagnetism from the IrOX NPs must be minor (or negligible); TEM of the
CD2Cl2 solution confirms that NPs remain in the pale vivid purple solution (Figure 4.12).
Additionally, the broad peaks only represent protons of BVA and not TBA+, suggesting that
indeed broadening is due to association with the NP surface. The broadening of all peaks,
however, observed in the spectrum (green trace) taken a week prior to the last—recall, both
contain TBAP and TBAOH—implies aggregation. As all species remained in solution at this
point, any changes in the surface chemistry were observed in the spectrum. With TBAOH
causing the dissociation of HA/A- with eventual IrOX NP precipitation, it is feasible to
presume that aggregation or flocculation has begun at this early time, amounting to
pronounced slower tumbling and overall spectral broadening.
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Figure 4.12 TEM image of pale purple, CD2Cl2 solution with BVA-capped IrOX NPs from
1
H-NMR sample containing TBAP and TBAOH after storing in the freezer for a week
corresponding to spectrum (purple) shown in Figure 4.11; precipitate was at the bottom of
the tube and easily avoided while sampling. Scale bar is 10 nm.
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The last broadening effect to consider is exchange of the surface species from
associated to dissociated, which may describe the peak changes observed in the spectrum
following TBAP addition (Figure 4.11, red, to be discussed further below). Furthermore,
while the preparation of BVA-prepared IrOX NPs avoids collecting excess BVA, the
presence of excess BVA is inevitable. The excess (i.e., more BVA than that required to coat
the NP surface) thereby provides support for exchange, which may be contributing to the
broad BVA peaks (Figure 4.11, blue).

Such exchanging also provides an alternative

explanation for the broad peaks observed in the spectrum of BVA and 4-methoxybenzoic
acid in Figure 4.10.
To analyze exchange kinetics more closely, low temperature (i.e., dynamic) NMR
was performed on BVA-capped IrOX NPs (without TBAP or TBAOH). It is well-known that
systems involving protons on species exchanging between two environments (e.g., bound to
unbound) can have drastic effects on line shape.55 When exchange is too rapid for NMR to
resolve on its experimental timescale, a peak averaging the two environments is detected; in
contrast, when exchange is slow, protons of distinct environments are deciphered. The
intermediate condition between these two extremes consequently produces a broad peak,
where the linewidth is dependent on the exchange rate. As a result, low temperature studies
aid in elucidating such broadening by eventual isolation of protons on bound versus unbound
moieties as exchange slows with decreasing temperature; the temperature at which this
separation first appears is regarded as the coalescence point.55 For the BVA-prepared IrOX
NPs, 1H-NMR was performed at temperatures from room temperature down to -90 ºC (just
above the freezing point of CH2Cl2) in 10 ºC increments. Rather than producing peak
separation, the lowered temperatures led to even broader peaks (Figure 4.13), indicating that
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Figure 4.13 Dynamic 1H-NMR spectra of BVA-capped IrOX NPs taken as temperature
(from top to bottom) is lowered from near room temperature to -90 ºC (183 K) in 10 ºC
increments. All gathered in CD2Cl2 with CHCl3 internal standard.
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exchange is not the main mechanism of broadening. While exchange slows with decreasing
temperature, so too does tumbling, suggesting that the majority of BVA indeed is associated
with the NP surface at low temperatures with broadening caused by slower tumbling.
Another plausible explanation is paramagnetism, which for some complexes has been
reported to strengthen with decreasing temperature.56
There exist faint details throughout the spectra that cannot be described by exchange
kinetics or slow tumbling, leading the discussion back to paramagnetism. First and foremost,
the peaks in the spectrum following TBAP addition (Figure 4.11, red) in comparison to those
following 4-methoxybenzoic acid (MBA) addition do not support association or exchange.
Because the peaks of both TBA+ and BVA are sharp, the majority of each must not be
associated with the NP nor likely exchanging; although, if TBA+ were in excess, it might
present sharp peaks that overwhelm any peaks representing association or exchange.
Determined from integration, the moles shown in Table 4.3, however, indicate that TBA+ is
not in excess, as they are nearly an order of magnitude less than those of BVA. The
inadequate concentration of TBA+ as both being present in excess and associating with the
NP is further emphasized by the number of TBA+ present per NP (~10) versus that of BVA
(~46) (Table 4.3). We propose two possible explanations for the sharp peaks. Either the
perchlorate ion of TBAP associates with the NP surface (providing no proton to detect in
NMR) replacing BVA or the NPs have paramagnetism that is altered in the presence of
TBAP.
An additional aspect worth noting is the changing in the breadth of the solvent peaks
(CH2Cl2 and CHCl3). It is easy to see in the green trace of Figure 4.11 that the solvent peaks
are broadened, which can be attributed to the aggregation at that step. However, the peaks in
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Table 4.3 Integrals associated with Figure 4.11 and corresponding moles determined
through comparison of integrals to that of 1 !L CHCl3 internal standard (integrated to 1.00).

moles of
BVA

# of
BVA
per NP

TBA+
integral
(~3.1 ppm)
8H

moles of
TBA+

# of
TBA+
per NP

2.30

2.86 ! 10-5

59a

---

---

---

Red

1.81

2.25 ! 10-5

46a

3.30

5.12 ! 10-6

10a

Green

3.19b

3.96 ! 10-5

82a,b

6.15c

9.55 ! 10-6

19a,c

Purple

1.68d

2.09 ! 10-5

43a

7.04d

1.09 ! 10-6

22a

spectrum

B
integral
(~4.2 ppm)
1H

Blue

a. Calculated assuming a 2 nm diameter, rutile IrOX NP with 100% yield from BVA-capping
reaction (~19 !M IrOX NPs). Theoretical predictions, based on a ligand footprint of 0.11
nm2 (calculated assuming similar ligand-to-diameter ratio as that of Au144L60 and scaled by
surface area accordingly), determine ~115 BVA per NP. Recall, BVA may be HA and/or A-.
b. Poor integration as peak is broadened into the baseline.
c. Poor integration as peak overlaps with neighbor.
d. Over estimation considering precipitation has occurred. Likely a result of slight solvent
evaporation during the week, despite being kept in the freezer.
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the blue trace are also broadened with respect to those seen in the red and purple traces; a
similar result is seen in comparison to spectra in the absence of NPs (Figure 4.10).
Additionally, the solvent peaks demonstrate enhanced broadening with decreasing
temperature as seen in Figure 4.13. Neither CH2Cl2 nor CHCl3 is typically considered a
coordinating solvent leaving paramagnetism as a plausible contender. Lastly, there are very
slight chemical shifts observed, but without a noticeable trend, that may result from
paramagnetic properties.
4.3.3 Biphasic Extraction and Dependence on Parameters
It is well understood that many organic acids partition between aqueous and organic
immiscible phases.53 Initial observations of “Biphasic” extractions showed that the assynthesized IrOX NPs readily extract from aqueous solution into organic solvent upon
addition of a multitude of organic carboxylic acids (Table 4.4). While the sodium salts of all
of the acids investigated during Biphasic reactions are soluble in the initially basic aqueous
phase, their conjugate acids vary in their solubilities and partitioning. Successful HA/Aassociation varied from acids that were readily soluble (in their free form) in both the
aqueous phase and CH2Cl2 phase (e.g., butyric and valeric), to those favoring the CH2Cl2
phase (e.g., octanoic acid), to those even favoring the aqueous phase (e.g., 4-fluorobenzoic
acid and 4-methoxybenzoic acid, see photograph in Figure 4.14). Such results indicate that
the acid-base functional “head” of the HA/A- molecule drives NP surface association and the
non-polar “tail” of the HA/A- molecule governs solubility.

Furthermore, the surface

coverage of HA/A- must be reasonably high, given that the solubility change occurs even
with short chain acids. Lastly, the color and clarity of the organic solutions containing IrOX
NPs varies drastically with HA/A- (Table 4.4), which could be a result of a myriad of reasons
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Table 4.4 Visual observations resulting from biphasic extraction after addition of a variety
of acids to give 0.2 M in CH2Cl2.
acid
addeda
butyric acid
valeric acid
5-bromovaleric acid
5-phenylvaleric acid
hexanoic acid
octanoic acid
benzoic acid
4-fluorobenzoic acid
4-methoxybenzoic acidc
4-nitrobenzoic acidd
dibutylphosphate

aqueous

emulsionb

CH2Cl2

nearly colorless,
clear
nearly colorless,
clear
nearly colorless,
clear
colorless,
clear
colorless,
clear
colorless,
clear
colorless,
clear
colorless,
clear
colorless,
clear
colorless,
murky
pale blue,
clear

colorless
bubbles
colorless
bubbles
colorless
bubbles
colorless
bubbles
brown
foam
brown
foam
pale blue
bubbles
brown
foam
grey-white
solidsc
brown
foam
brown
foam

vivid blue-purple,
clear
dull plum-purple,
clear
dull plum-purple,
clear
vivid purple,
clear
light purple,
clear
dark purple,
clear
very dark blue-purple,
opaque
vivd purple,
clear
very dark blue-purple,
opaque
colorless,
clear
vivid purple,
clear

a. Other acids that were successful in rendering extraction include: 2-bromovaleric acid, 6bromohexanoic acid, 3-fluorobenzoic acid, 2-fluorobenzoic acid, 2-bromobenzoic acid,
cinnamic acid, and butylmalonic acid
b. Often within the aqueous layer
c. 4-methoxybenzoic acid is not readily soluble in either phase.
d. 4-nitrobenzoic acid is not readily soluble in either phase and extraction does not take
place.
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O
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H3CO
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Figure 4.14 From left to right, photograph of biphasic extraction using 0.2 M benzoic acid,
p-fluorobenzoic acid, and p-methoxybenzoic acid with corresponding structures below. For
each, the top layer is aqueous and the bottom layer is CH2Cl2.
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(e.g., changes in NP size distribution, propensity to aggregate, surface oxidation states,
and/or metal-to-HA/A- association strength).
Early studies of Biphasic reactions indicated that pH played an important role in the
extraction of the NPs from the aqueous phase to the organic phase. Without considering
partitioning, the admixture of the acid (0.2 M) changes the pH of the as-synthesized IrOX NP
solution from ~12.8 (or 0.1 M in NaOH) to a pH near the pKa of the carboxylic acid (e.g.,
experimentally ~4.7 for valeric acid and ~2.7 for 2-bromovaleric acid).

Varying this

concentration drastically influences the extraction results. Extraction was poor or incomplete
at formal carboxylic acid concentrations < ca. 0.2 M, which is analogous to the high pH
results in the Stepwise extractions. On the other hand, increasing to 1.0 M acid results in the
organic layer becoming paler, nearer to colorless, as the aqueous layer also becomes
completely colorless, suggesting decomposition or aggregation of the NPs. Photographs
demonstrating this concentration dependence are presented in Figure 4.15 for NPs following
octanoic acid and phenylvaleric acid addition.
To broaden the scope of our investigation further, we also analyzed the biphasic
extraction as a function of reaction time and solvent, while holding the concentration of acid
added constant at 0.2 M. To study the extraction process over time, UV–Vis spectra were
taken of the organic phase as reaction time progressed (see Experimental Section). Even
while the color of the CH2Cl2 layer grows darker as more NPs are extracted, there is a
competing process that causes the color to also grow paler, suggesting instability with time.
The extraction also shows dependence on solvent. Butyric, octanoic, and benzoic
acid extractions were performed using six different solvents as shown in Figure 4.16. For
each, CH2Cl2 is the favored solvent. Following that distinction, and as expected, the NP
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(a)

(b)

Figure 4.15 Example of the influence of ligand concentration on the resulting color of the
IrOX NP solution following extraction into CH2Cl2 with addition of (a) octanoic acid at mole
ratios of 1.5:1, 2:1, 5:1, and 10:1, and (b) phenylvaleric acid at mole ratios of 1.5:1, 2:1, 5:1,
7.5:1, and 10:1, with respect to hydroxide, from left to right.
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Figure 4.16 UV–Vis spectra of organic phase for biphasic reactions with (a) octanoic acid,
(b) butyric acid, and (c) benzoic acid using solvents of varying polarity. Colors of spectra
match those for the corresponding solvent in the table.
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solubility fairly readily mimics that of the HA/A- tail, as noted above. For instance, octanoic
acid is readily soluble in hexanes due to its long alkyl chain while benzoic acid prefers an
aromatic solvent like toluene.

4.4 Conclusions
Our research aimed to understand associations at the IrOX NP surface with little
known about iridium oxide surface binding properties and without established methodology
for characterizing small metal oxide nanoparticles. Furthermore, the determination of the
surface association of firmly bound species to NPs still remains a challenge and
consequently, that of loose association is obsolete. UV-Vis spectrophotometry with organic
extraction proved to be a useful method for investigating association at the IrOX NP surface.
All in all, the results indicate that the IrOX NP surface plays an important role in its
association reactions as a function of pH, which is not surprising considering the known
proton transfer properties of iridium oxide.8,11 The intricacies, however, were unfolded more
extensively in this report than previously. We have shown that the extraction does not take
place solely at low pH nor solely at high pH. As a result, while left not knowing which
species—carboxylic acid or carboxylate—dominates association, we have a better
understanding of the favorable conditions. In addition, strides were made in the area of
NMR detection of weakly associated HA/A- on the IrOX NP surface. Even while weak,
HA/A- associations to IrOX NPs have been employed in many reports as linkers to
chromophores in DSPECs, and thus, untangling these associations to IrOX NPs, and similarly
to other NPs, provides a foundation for exploiting their function.
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CHAPTER 5
Matrix-Assisted Laser Desorption/Ionization Spectrometric Analysis of Iridium Oxide
Nanoparticles
5.1 Introduction
While nanoparticles are being extensively studied in many areas of chemistry,
determining a nanoparticle’s surface chemistry and size dispersity—two aspects that greatly
govern its behavior—still remains a far from trivial task. The challenge exists because
techniques employed for characterizing small molecules and bulk materials are not well
suited for deciphering the composition and structure of a nanoparticle. Consequently, new
methodology must be developed to fully characterize nanoparticles using conventional
instruments. It is significant to establish such analytical protocols to aid in the understanding
of not only the beneficial functions but also the potentially adverse effects of nanoparticles;
for instance, concern with regard to nanotoxicity1 has elevated as application-driven research
on nanoparticles without full characterization continues to rise.
Mass spectrometry, in particular soft ionization techniques in the last decade, has
proven to be a very powerful tool for elucidating the surface chemistry and size dispersity (in
terms of mass)—and subsequent composition—of a small nanoparticles. Work in our lab2–7
as well as others8–10 demonstrated that matrix-assisted laser desorption/ionization (MALDI–
TOF) and electrospray ionization (ESI) provide intact Au nanoparticles (i.e., minimal

fragmentation) for mass detection with capping ligand resolution. Unlike other techniques,
such as TEM,3,11–13 FTIR,14 and NMR,15–17 which determine characteristics on an average
population, mass spectrometry is capable of describing a nanoparticle in equivalent detail to a
small molecule.
Although such success has been seen for Au nanoparticles among other metal
nanoparticles, the use of this powerful technique on nanoparticles still comes with many
challenges.

In the case of MALDI–TOF, obtaining molecular ion peaks and ligand

resolution without fragmentation demands trying many combinations of MALDI–TOF
matrices, laser intensities, and instrument acquisition modes that are highly dependent, and
far from predictable, on the nanoparticle in question. Thus, it took many years of preliminary
research via other mass spectroscopic techniques9,18–20 to pave the road for such elegant,
recent results.2,3 On the other hand, ESI also has its obstacles as it requires determining an
optimum spraying solvent as well as charging the nanoparticle surface, which in turn results
in complicating spectral interpretation. Success via ESI is promoted when information about
the nanoparticle and its surface chemistry is already known. For instance, knowledge of the
strong binding affinity between gold and thiol21 aided attaching fixed charges to Au
nanoparticles.6
In this chapter we take the first steps toward detecting iridium oxide nanoparticles
(IrOX NPs) using mass spectrometry, with the ultimate goal of determining size dispersity
and resolving ligand distribution. Studying IrOX NPs is of great interest because they are
promising water oxidation electrocatalysts, driving water oxidation at some of the lowest
overpotentials reported.22,23 Because little is known about their composition and surface
chemistry, there is little understanding as to why they are such excellent catalysts or how
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they are involved in water oxidation. Furthermore, lacking knowledge about the type and
strength of surface associations with IrOX NPs motivated us to begin our mass spectrometric
investigation with MALDI–TOF, where charge, in contrast to employing ESI, is not an
obstacle either in surface attachment or spectral assessment.
In this initial study, we aim to detect IrOX NPs via MALDI–TOF and establish a firm
grasp of their size and dispersity as compared to TEM. Although infrequent, metal oxide
nanoparticles have appeared in mass spectrometry literature; for instance, iron oxide NPs
have been characterized using laser desorption ionization (LDI)24 and have been used to
further assist matrices in MALDI–TOF determination of biological compounds.25–27 No
literature to date, of which we are aware, however, has included MALDI–TOF
characterization of small metal oxide nanoparticles making the mass spectrometric analysis
of IrOX NPs unchartered territory.
In addition to size determination, MALDI–TOF also holds the capability of resolving
ligand populations,2,3 driving our second goal, to determine association at the surface of IrOX
NPs. Previous literature28–30 indicates that carboxylates and phosphates (or their conjugate
acids) associate with the IrOX NP surface.

In our lab, coordinating interactions with

aqueous-soluble IrOX NPs have been observed during voltammetric analysis of formal
potential dependence in phosphate electrolyte.29 Although such interactions in aqueous
environments cannot be confirmed visually, extraction of initially aqueous soluble assynthesized IrOX NPs into organic solvent following the addition of organic carboxylic acids
indeed verifies surface interactions with these functionalities, as reported briefly in our
earlier work; confirmation of IrOX NP extraction is further supported by TEM.29,30 Such
interactions, along with the previous literature on Au NPs, provide a promising foundation
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for the eventual determination of IrOX NP surface chemistry by MALDI–TOF.

Using

MALDI–TOF to monitor ligand populations during exchange reactions will provide
information regarding the IrOX NPs’ binding affinity for various ligands. This, in turn,
guides the development and study of stable water oxidation chromophore–catalyst
assemblies.
Using the knowledge of carboxylate and phosphate affinities for IrOX NPs, we report
MALDI–TOF spectra of both aqueous and organic soluble IrOX NPs. Because the strength
of the coordination at the IrOX NP surface is unknown, little can be expected with regard to
the association surviving MALDI–TOF ablation. While the results in this initial report do
not resolve surface associations, spectra of IrOX NPs were attainable from both organic and
aqueous environments opening the doors for future studies.

5.2 Experimental
5.2.1 Chemical and Materials
Sinapinic acid (SA), picolinic acid (PA), trans-2-[3-(4-tert-butylphenyl)-2-methyl-2propenylidene]-malononitrile (DCTB), 2’,4’-dihydroxyacetophenone (DHA), trans-cinnamic
acid (TCA), potassium hexachloroiridate (K2IrCl6, 99.999%), para-fluorobenzoic acid
(98%), and octanoic acid (!98%) were purchased from Sigma Aldrich. NaOH (50% w/w)
and dichloromethane (CH2Cl2, Optima grade) were obtained from Fisher and used as
received. IrOX NPs were synthesized as reported previously.29
5.2.2 Instrumentation
Matrix-Assisted Laser Desorption/Ionization–Time of Flight (MALDI–TOF). Mass
spectrometric analysis of IrOX NPs was performed on an Applied Biosystems Voyager-DE
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Pro time-of-flight mass spectrometer supplied with a nitrogen laser (337 nm).

The

accelerating voltage was held at 25 kV and spectra were obtained in either linear or reflectron
mode and positive or negative polarity as indicated throughout.
High-Resolution Transmission Electron Microscopy (TEM). TEM images of organic
soluble IrOX NPs prepared on copper grids (200 copper mesh, carbon-coated Formvar; Ted
Pella Inc., Redding, CA) were collected on a JEOL 2010F FasTEM. Image J software was
used to measure nanoparticle diameters.
5.2.3 Biphasic Extraction of IrOX NPs
As described in detail in our earlier report (Chapter 4),30 a mixture of 5 mL each assynthesized aqueous IrOX NPs (pale purple, 12.5 !mol in Ir, 0.5 mmol in NaOH, pH ~12.8)
and either octanoic acid (0.75 mmol) or p-fluorobenzoic acid (1.0 mmol) in CH2Cl2 was
prepared with addition of the NPs to the stirred organic phase. The reaction vial was capped
and vigorously stirred away from light for ~24 h. At completion, the aqueous layer had
clarified to nearly colorless and the organic layer was clear dark blue (octanoic acid) or clear
vivid purple (p-fluorobenzoic acid). Brown emulsion, suspected to be NPs insoluble in either
phase, remained at the biphasic interface. The colored organic phase was removed from
respective reaction vials and prepared for MALDI–TOF analysis. Ligand-capped NPs will
be referred to as PF-capped and OCT-capped NPs for the p-fluorobenzoic acid and octanoic
acid extractions, respectively. For PF-capped NPs, excess p-fluorobenzoic acid (insoluble in
CH2Cl2) was partially removed from the organic layer via cold precipitation and filtering of
the free acid.
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5.2.4 MALDI–TOF Sample Preparation
OCT-capped NPs. A DCTB stock matrix solution (0.6 M, nearly saturated) was
prepared in CH2Cl2 and mixed with 4 mL OCT-capped NPs (assuming ~20 !M, maximum
extraction from aqueous phase) in sample:matrix ratios ranging from 1:1000 to 1:1500.
Mixtures (~3 !L) were spotted on Au well-plate and air-dried. Spectra were gathered in
linear mode with positive polarity.
PF-capped NPs. Stock matrix solutions (50 mM) DCTB were prepared in CH2Cl2.
PF-capped NPs (assuming ~20 !M, maximum extraction from aqueous phase) were mixed
with stock matrix solutions in sample:matrix ratios ranging from 1:750 to 1:5000. Mixtures
(1–2 !L) were spotted on Au well-plate and air-dried. Spectra were gathered in linear and
reflectron mode with negative and positive polarity.
As-synthesized NPs. Stock matrix solutions (50 mM) of SA, PA, TCA, and DHA
were prepared as 0.1 M NaOH solutions. As-synthesized IrOX NPs (pH ~13) were mixed
with stock matrix solutions in sample:matrix ratios ranging from 1:750 to 1:5000, assuming
~20 !M IrOX NPs (calculated assuming 2.5 mM Ir salt completely converts to IrOX NPs, NP
spherical diameter is 2 nm, and NP structure is rutile). Mixtures (1–2 !L) were spotted on
Au well-plate and air-dried. Spectra were gathered in reflectron mode with negative and
positive polarity.

5.3 Results and Discussion
While there have been very elegant reports on the mass spectrometric analysis of
metal nanoparticles in recent years, we remind the reader that preliminary results did not
produce cleanly resolved spectra.9,18–20 As was true during early MALDI–TOF studies of Au
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NPs, stable peaks from IrOX NPs were difficult to obtain and depended greatly on the
parameters of the experiment. The results herein may not yet be at the optimal working
conditions, however, IrOX NPs themselves are not the simplest candidate to tackle.
Two criteria are at play for obtaining spectra that elucidate compositional
information. One is the parameters of the MALDI–TOF experiment, including the matrix,
ionization mode, sample:matrix ratio, and laser intensity. The other is the nanoparticle itself
that is under investigation. Pioneering reports on Au NPs that demonstrated un-fragmented
peaks while resolving the capping ligands not only optimized the MALDI–TOF conditions
but also pertained to monodisperse NPs with understood, favorable thiolate coordination.
The following discussion illustrates the consequence of varying the working conditions of
MALDI–TOF while recognizing that IrOX NPs are polydisperse with unknown surface
chemistries.
Of the many parameters that may be altered in a MALDI–TOF experiment, each may
play a significant role in obtaining the best-resolved, most reproducible spectra. The four
major aspects varied in the experiments performed were the matrix, the ionization mode, the
sample:matrix ratio, and the laser intensity, with the influence of the last being very
dependent on the first three; additionally, the mass analyzer mode of the TOF, either linear or
reflectron, may also be influential. Each of these factors drastically affected the MALDI–
TOF spectra obtained for IrOX NPs, as they also had with Au25 NPs in Dass et al.3
Overall, the MALDI–TOF spectra of IrOX NPs reveal broad peaks, indicative (at high
mass) of molecular sizes consistent with that determined by TEM and reminiscent (at lower
masses) of fragmentation or dissociation of surface species. To simplify terminology for the
remainder of this report, such surface species will loosely be referred to as “ligands” despite
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having no knowledge of the type of associations taking place at the NP surface. Due to the
polydispersity of IrOX NPs, as demonstrated by TEM, and the suspected weak coordination
of the NP ligands,30 accurately describing size dispersity as well as the ligand distribution is
exceedingly complicated using MALDI–TOF, as will be discussed.
5.3.1 Matrix Selection
Following reports about optimized matrix selections and our knowledge about IrOX
NPs, matrices were chosen accordingly for both aqueous (pH ~13) NPs and organic-capped
NPs. It has been hypothesized in the literature that some matrices favor proton transfer
ionization (e.g., sinapinic acid, SA)3,31,32 while others favor electron transfer ionization (e.g.,
trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]-malononitrile, DCTB);33,34 the
former often used for biological (aq) samples3 and the latter employed successfully for
nonpolar or organometallic compounds35 and in turn, thiolate-protected Au NPs.2,3 In this
report, MALDI–TOF analysis of aqueous soluble IrOX NPs was tried with sinapinic acid
(SA), picolinic acid (PA), trans-cinnamic acid (TCA), and 2’,4’-dihydroxyacetophenone
(DHA). Although matrices favoring proton transfer ionization showed weak results for Au25
NPs,3 we hypothesized that they may be beneficial for the aqueous soluble NPs as they have
been for other aqueous samples. In particular, IrOX NPs are known to transfer protons during
redox reactions.22,29 Furthermore, these four matrices contain carboxylic acid functionalities
(see Figure 5.1) whose interaction with the IrOX NPs may aid in the matrix assistance.
MALDI–TOF experiments on the organic-capped IrOX NPs, on the other hand, were
performed using trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]-malononitrile
(DCTB) following the same reasoning reported in the Au25 MALDI–TOF studies.3 All of the
matrices tested for each sample were tried at a wide range of intensities while varying
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Figure 5.1 Chemical structures with corresponding abbreviations for the matrices tested as
described in the Experimental Section.
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between reflectron and linear mode as well as positive and negative ionizations.
Sample:matrix ratios ranged from 1:750 to 1:5000 as indicated throughout the discussion.
We began our investigation with attempts most closely related to successful parameters for
Au NPs and vary from there.
5.3.2 MALDI–TOF of Organic-Capped IrOX NPs
Using DCTB, MALDI–TOF was performed on IrOX NPs with ligands that render
them organic soluble. IrOX NPs were extracted into CH2Cl2, as verified by TEM (Figure 5.2)
with either the introduction of octanoic acid or para-fluorobenzoic acid, with the latter
allowing for excess acid to be partially washed away (see Experimental Section). Although
the strength of association and the associating species (i.e., carboxylic acid or its conjugate
base) are unknown, we will refer to the NPs as OCT-capped and PF-capped for octanoic acid
and para-fluorobenzoic acid extractions, respectively. Spectra of both samples are shown in
Figure 5.3; similar spectra were gathered from neighboring wells in the sample plate. The
sample peak for OCT-capped NPs spans from ca. 8000 to 28000 m/z with a maximum
centered near 12500 m/z, while that for PF-capped NPs spans from ca. 10000 to 45000 m/z
with a maximum centered near 20000 m/z. Because MALDI typically produces singly
charged species, m/z will be assumed to be equivalent to the absolute mass in Daltons (Da)
for the remainder of the discussion.
In general, one of two explanations is plausible upon detecting such broad peaks. The
broad peaks either illustrate the polydispersity of the NP samples with the center representing
the most frequent NP size or result from fragmentation with the uppermost mass representing
most closely the average size of the intact NPs. It is also feasible that a combination of these
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Figure 5.2 TEM images of CH2Cl2 solutions containing (a, b) OCT-capped IrOx NPs with
average diameter = 1.7 ± 0.2 nm and (d, e) PF-capped IrOx NPs with average diameter of 1.8
± 0.2 nm. Corresponding histograms determined from measuring (c) 71 OCT-capped IrOx
NPs and (f) 26 PF-capped IrOx NPs; the NP diameters were greater than or equal to the
values listed.
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Figure 5.3 With DCTB as the matrix, MALDI–TOF spectra of (a) OCT-capped IrOX NPs
(with excess ligand remaining) using a sample:matrix ratio of 1:1500 gathered with positive
polarity and in linear mode at varying laser intensities and (b) PF-capped IrOX NPs (with
excess ligand partially removed) using a sample:matrix ratio of 1:1500 gathered with
negative polarity and in reflectron mode at a laser intensity of 2934.
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effects is observed. Furthermore, the picture becomes more complicated when considering
the mass of ligands, ligand dispersity, and ligand dissociation.
At first glance, the spectra in Figure 5.3 suggest that the PF-capped NPs retain more
ligands or undergo less fragmentation than the OCT-capped NPs because despite both
samples having very similar size dispersity, as seen by TEM (Figure 5.2, histograms), the
spectrum of PF-capped NPs lies at nearly two times the mass of that of OCT-capped NPs.
The retention of ligands in the PF-capped NP spectrum and the fragmentation or dissociation
of ligands in the OCT-capped NP spectrum are further supported by comparison of the
experimental spectra to theoretical masses.
From the size distributions determined by TEM, the expected molecular mass of an
uncapped, “bare,” IrOX NP can be calculated assuming that the NP is of a rutile structure
(IrO2) and a perfect sphere. Table 5.1 presents theoretical masses expected for bare IrOX NPs
corresponding to the average (± standard deviation) NP sizes observed in both the TEM
images of the OCT-capped and PF-capped NPs. Immediately it becomes apparent that a
small variation in diameter leads to a dramatic shift in NP mass and as a result, polydispersity
produces broad spectral peaks. Example MALDI–TOF mass spectra simulated based on
these calculations, while also accounting for iridium isotopes, are shown in Figure 5.4 for 1.5
nm and 2 nm diameter NPs. Capping these NPs with organic ligands further adds to the
average mass and may cause the peak to broaden due to probable variation in the number of
ligands. Theoretical masses with the inclusion of ligands are also presented in Table 5.1
determined assuming that the ligand binding density on the IrOX NP surface is anaologous to
the thiolate coverage on Au NPs of similar size (e.g., Au146L60); ligand coverage was

152

Table 5.1 Theoretical mass and ligand coverage of IrOX NPs as determined from the range
of sizes observed in corresponding TEM images.

ligand, L

OCT

PF

SA

diameter of
NPa,
nm

# of Ir
atomsb

# of O
atomsb

# of
ligands, Lc

mass of mass of Lbare NP, capped NP,
Da
Da

1.5

54

108

64

12229

21576

1.7

79

158

83

17802

29807

1.9

110

220

104

24854

39850

1.6

66

132

73

14841

25189

1.8

94

188

93

21132

34228

2.0

129

258

115

28987

45155

1.8d

94

188

93

21132

42088

2.0d

129

258

115

28987

54860

2.2d

172

344

139

38583

69888

a. Determined from TEM measurements, representing the average and ± standard deviation.
b. Calculated assuming a rutile structure; each value rounded down to nearest whole number.
c. Calculated assuming similar surface coverage as Au NP of equivalent size (e.g.,
Au144L60). As size varied, scaled coverage with respect to changing IrOX NP surface area,
assuming a 0.11 nm2 footprint per ligand.
d. Measured from TEM images of as-synthesized IrOX NPs prior to SA addition.
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Figure 5.4 Simulated mass spectra of bare IrOX NP with (a) 1.5 nm diameter, Ir54O108, and
(b) 2.0 nm diameter, Ir129O258, assuming rutile structure and accounting for isotopes.
Simulations produced via www.chemcalc.org.
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subsequently varied as a function of NP surface area for other diameters, assuming a 0.11
nm2 footprint per ligand.
Comparing the experimental spectra in Figures 5.3 to the calculated masses in Table
5.1 helps elucidate the source of the peaks. The experimental mass range spanned by OCTcapped NPs (ca. 8000–28000 Da) matches fairly well with the theoretical mass range (ca.
12000–25000 Da) for bare NPs of analogous size to those observed in the TEM images of
OCT-capped NPs.

Such a similarity suggests either ligand dissociation or severe

fragmentation resulting in the experimental spectrum far from a mass range expected for
intact, fully OCT-capped NPs (ca. 22000–40000 Da). It is also feasible that the smaller NPs
remained intact while the larger ones underwent fragmentation, as supported by the upper
mass limit of the peak, ~28000 Da, and the mass just below, falling within the range of
theoretical masses (ca. 22000–30000) for OCT-capped NPs with diameters 1.5–1.7 nm.
On the other hand, the experimental mass range of the PF-capped NPs (ca. 10000–
45000 Da) spans the theoretical masses calculated for both the bare (ca. 15000–29000) and
PF-capped NPs (ca. 25000–45000) of equivalent sizes to those observed in TEM. As a
result, it is conceivable to suspect the some PF-capped NPs remain intact and ligand capped,
as supported by the upper mass ~45000 Da as well as masses down to ~25000 Da, while
others undergo ligand loss or fragmentation.

Although comparison to TEM involves

assumptions, the analysis indeed reveals the variable nature of mass spectra from sample to
sample.
5.3.3 MALDI–TOF of Aqueous Soluble IrOX NPs
Attempts to obtain spectra from as-synthesized IrOX NPs (aqueous, pH ~13) were
also made. Layered addition into wells of DCTB (aqueous insoluble) with IrOX NPs failed to
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produce spectra. Consequently, proton transfer matrices were tried. Of the four tried,
sinapinic acid (SA) and picolinic acid (PA) gave spectra, with the former producing the most
reproducibility; trans-cinnamic acid (TCA) and 2’,4’-dihydroxyacetophenone (DHA) failed
to show peaks at both similar and different settings.
The spectrum that results while employing SA as the matrix has a very broad peak
spanning from ca. 20000 Da to beyond 80000 Da, as shown in Figure 5.5. Comparing this
mass range to that calculated for NPs of sizes representative of the as-synthesized NPs
reveals that a large discrepancy exists. As-synthesized NPs have diameters ca. 2.0 ± 0.2
nm29 resulting in predicted masses from 21000 Da to 38500 Da, a much lower, narrower
range than that seen experimentally. However, when one considers that SA, which contains
carboxylic acid functionality (see Figure 5.1), may potentially associate with the NPs, the
predicted mass range, ca. 42000–70000 Da—due to the large molecular mass of SA (224.21
g/mol)—accounts for the remaining higher masses seen experimentally. The resultant very
broad peak may thusly be a result of a plethora of factors, including intact SA-capped NPs,
intact bare NPs, fragmentation, and polydispersity. Future experiments aim to try matrices
without carboxylic acid functionalities for comparison.
5.3.4 Comments on Uncertainties
Deciphering what the resultant peaks represent for each sample is challenging when
the analytical data available for comparison is scarce; techniques other than MALDI–TOF
similarly require defeating hurdles for detecting NPs.

Analysis is therefore left to

comparisons made with TEM along with assumptions about the composition of the IrOX NP
and the ligand distribution density on the NP surface. TEM alone, however, is an insufficient
technique for determining absolute NP size and dispersity, especially for small NPs3,13 such
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Figure 5.5 With SA as the matrix, MALDI–TOF spectrum of as-synthesized IrOX NPs using
a sample:matrix ratio of 1:2500 gathered with negative polarity and in reflectron mode at a
laser intensity of 3138. Similar spectra were also observed at ratios of 1:1500 and 1:5000.
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as IrOX NPs, and consequently, comparisons are approximate at best. As visible in the TEM
images of Figure 5.2, the IrOX NPs are difficult to resolve demonstrating the uncertainties in
size dispersity measurements. Additionally, the analysis is biased by the particular NPs that
are captured within the images and by the limit of detection (i.e., some NPs may be two small
to observe). Uncertainties aside, the TEM images provide the only comparable glimpse of
the IrOX NPs to date, even while it also serves as motivation for investigations in the area of
mass spectrometry.

5.4 Conclusions
MALDI–TOF provided the first quantitative glimpse of IrOX NP size and
dispersity—or more specifically mass—as well as indication of surface associations
demonstrating its power as a tool for detecting the properties of NPs along with the
difficulties faced with each unique NP in question. The future of IrOX NP analysis with mass
spectrometry will greatly benefit from improvements on the synthetic front, such as
controlling dispersity and strengthening ligand association; approaches for tackling these
obstacles are currently being investigated. Without such progress, mass spectra of IrOX NPs
will continue to produce broad spectra despite further optimizing methodology. Despite this
limitation, MALDI–TOF is steps above the data that can be attained with TEM. Yet, without
other data from another technique for comparison, interpreting the mass spectra of such
poorly understood NPs becomes stifled by unavoidable assumptions.
characterization of NPs is still a young field worth exploring.
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All in all, the
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CHAPTER 6
Iridium Oxide Nanoparticles in Chromophore–Catalyst Assemblies
6.1 Introduction
Research involving components of dye-sensitized photoelectrosynthesis cells
(DSPECs) has been abundantly filling the literature in recent years.1,2 Many criteria must be
met for such cells to be successful candidates for producing renewable energy in our future.
While many components are being analyzed in detail on an individual level, comprehensive
characterization of physical and chemical properties that arise when coupling various
components in conjunction with their resulting processes is still somewhat scarce. The
coupling of two essential components worth investigating is that of the photoanodic
chromophore and the water oxidation catalyst.
Iridium oxide nanoparticles (IrOX NPs) have drawn attention for their unique ability
to electrocatalyze water oxidation at very low overpotentials.3–5 Despite having knowledge
about their catalytic activity, little is known with regard to their size dispersity, structure,
composition, or surface chemistry. Characterizing these properties will elucidate details of
the catalytic function of IrOX NPs and undoubtedly aid in the optimization of water oxidation
catalyst design. Furthermore, determining how properties change as a result of coupling IrOX
NPs to a chromophore, such as a ruthenium complex, is also essential for the optimization of
chromophore–catalyst assemblies, key components in DSPECs.

For a number of years, Meyer and coworkers have been developing an array of
ruthenium complexes that act as chromophores in a DSPEC.6 In a collaborative effort to
combine excellent chromophores with the highly active IrOX NP catalyst, we report here the
characterization of Ru(4,4’-(PO3H2)2bpy)2(bpy)]2+ and IrOX NPs both individually and
coupled together in a chromophore–catalyst assembly.

While the optical properties of

chromophores clearly have significance, those of IrOX NPs are also worth studying. Before
iridium oxide gained interest as an electrocatalyst for water oxidation, research attention was
given toward its electrochromic properties.7–10 Recently, Trotochaud et al. reported on the
optical properties of iridium oxide catalyst films with a similar motivation to direct the
design of catalyst–semiconductor water-splitting cells through understanding such
fundamental properties.11 To date, however, the IrOX NPs have yet to be analyzed in the
same manner with regard to their optical properties as a function of potential. As a result, the
spectroelectrochemical properties of IrOX NPs, as well as those while coupled to the
ruthenium chromophore, are investigated in this chapter.
In 2009, Mallouk and coworkers demonstrated light-driven water oxidation (with a
small potential bias), employing TiO2 coated with a ruthenium chromophore coupled to IrOX
NPs.5 Prior to coating, the NPs were synthesized in the presence of the ruthenium complex,
providing a “ruthenium-capped” NP. In an earlier report, the synthesis of IrOX NPs in the
presence of phosphonic acids and carboxylic acids was investigated revealing that the size
and propensity to aggregate greatly depended on the capping species.12 For our study, we
seek to avoid dramatically altering the properties of the NPs prior to coating. To do so, the
IrOX NPs are added to TiO2 substrates pre-coated with ruthenium chromophore that contains
functionalities susceptible for NP binding (e.g., phosphonic acids). We previously reported
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that IrOX NPs successfully associate with organic carboxylic and phosphoric acids at room
temperature through solvent extraction of already synthesized, “ligand-free” NPs from
aqueous solution (pH ~13) into CH2Cl2.13,14 It is through this approach that the attachment of
IrOX NPs to ruthenium chromophores containing phosphonic acid moieties is achieved.
Subsequently, the properties of the resultant chromophore–catalyst assemblies are analyzed.
There are many benefits that arise from forming a film through a series of dip-coating
steps (i.e., layer-by-layer). Because the chromophore and catalyst are not linked prior to
forming the films, it is facile to switch the ruthenium chromophore without altering the
properties of the NPs.

In addition, the coating conditions can be varied since each

component is coated individually. Furthermore, analysis can be performed on individual
components (e.g., IrOX NPs alone) that exactly match those used in coupled experiments
allowing for direct comparison of films without concern for differences due to component
preparation.
Also of significance, the NPs retain a ligand-free surface—except where in contact
with the layer of chromophore—giving them direct access to water for catalytic oxidation.
We hypothesize that having a “bare” surface exposed to solution will aid water oxidation,
since both the transfer of electrons and protons is necessary. It is known, for example, that
Au NPs coated with organic shells often struggle with proton transfer15, which may be
significant if similarly true for coated IrOX NPs that rely on protons for not only water
oxidation but also their redox reactions. Lastly, for added simplification, the chromophore
chosen to demonstrate the benefits of this design, Ru(4,4’-(PO3H2)2bpy)2(bpy)]2+, contains
only one type of functional group, phosphonic acid, removing ambiguity of how binding may
be occurring. The following analysis utilizes spectroelectrochemistry, photolysis, transient
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absorption spectroscopy, and traditional electroanalytical techniques to characterize the
layer-by-layer films.

6.2 Experimental
6.2.1 Chemicals and Materials
Potassium hexachloroiridate (K2IrCl6, 99.99 %), perchloric acid (70%), and sodium
perchlorate (98%) was obtained from Sigma Aldrich and NaOH (50% w/w) was obtained
from Fisher and used without further purification. Iridium oxide nanoparticles (IrOX NPs)
were synthesized as previously reported.13 NanoITO powder was purchased from Lihochem.
Fluorine-doped tin oxide (FTO) coated glass slides (sheet resistance 15 !/cm2) were
purchased from Hartford Glass Co. All aqueous solutions were prepared using Nanopure
water (18.3 M!).
6.2.2 Instrumentation and Electrochemical Details
Spectroelectrochemistry (spec-echem).

Spec-echem was performed using a CH

Instruments CH601A potentiostat interfaced with an Agilent–Varian Cary 50 Ultraviolet–
Visible (UV–Vis) spectrophotometer.

The electrochemical cell consisted of the

chromophore-, catalyst-, or chromophore–catalyst-film on nanoITO as the working electrode
at 90º with respect to light source, Pt wire as the counter electrode, and Ag/AgCl/3 M NaCl
(aq) as the reference electrode within a quartz cuvette (1 cm path length) containing 0.1 M
HClO4. To minimize uncompensated resistance effects, the reference electrode was placed
near the coated nanoITO substrate, and to aid with passing large currents, the counter
electrode was placed in a U shape in front of the substrate without blocking the beam line.
Also, Kapton tape was used to cover the bare electrode area. Spectra were obtained as a
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function of increasing potential. As the potential was stepped from 0 V (all species fully
reduced) to 1.6 V (onset of water oxidation) in 0.02 V increments, each step was held for 60
s to reach steady state current during which the spectrum was acquired. In the same manner,
background spectra were also obtained for bare nanoITO substrates to allow for background
subtraction of any spectral response from the substrate as a function of potential; potential
dependence is seen at extreme wavelengths. Care was taken to coat chromophore and
catalyst on bare substrates with similar initial UV–Vis spectra (without applying potential) to
those chosen for background subtraction; backgrounds have been subtracted at each potential
in the spectra presented. All spectra were analyzed using Specfit/32 Global Analysis System.
Electrochemistry. Using the same cell setup as that for the spec-echem experiments,
current vs. time traces were obtained on a CH Instruments CH760A potentiostat for nanoITO
substrates coated with either catalyst alone or chromophore–catalyst while holding the
potential at 1.6 V for 3 h. An electrolyte (1.0 M) comprising 0.1 M HClO4 and 0.9 M
NaClO4 was used to further minimize resistance effects during high current measurements at
water oxidation potentials. Cyclic voltammetry (CV) was performed before and after water
oxidation to assess film stability. Prior to the first CV, the solutions were degassed for 10–
15 min.
Photolysis. A Lumencor (445 nm, 20 nm bandwidth, output ~1–100 mW cm-2) light
source coupled to a Newport optical fiber and a focusing/imaging beam probe was utilized.
TiO2 slides coated with chromophore, catalyst, or chromophore–catalyst in 0.1 M HClO4
were illuminated with the blue light at 10%, 50%, and 100% intensity for 10 s each while
photocurrent was gathered by a Wavenow potentiostat. Between each illumination, dark
current was measured for 10 s. Cell setup was as previously reported.16 UV-Vis spectra of
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the electrolyte solutions were gathered before and after photolysis measurements to evaluate
possible film decomposition; the absorbance showed no trace of film loss to the solution.
Ultraviolet–Visible Spectrophotometry (UV–Vis). Absorption spectra were collected
versus air (dry) using an Agilent 8453 UV-Visible photodiode array spectrophotometer for
dip-coated TiO2 and ZrO2 substrates.
Steady-State Emission. Emission spectra of dip-coated ZrO2 substrates with 0.1M
HClO4 were gathered with an Edinburgh FLS920 spectrometer at room temperature. A 450
W Xe lamp combined with a single grating (1800 l/mm, 250 nm blaze) Czerny–Turner
monochromator (5 nm bandwidth) excited the samples. Luminescence was passed through a
495 nm long-pass color filter and a single grating (1800 l/mm, 500 nm blaze) Czerny–Turner
monochromator (5 nm bandwidth). A peltier-cooled Hamamatsu R2658P photomultiplier
tube was used for detection.
Transient Absorption (TA). For TiO2 substrates coated with chromophore, catalyst, or
chromophore–catalyst, TA measurements were performed using nanosecond laser pulses
from a Spectra-Physics Quanta-Ray Lab-170 Nd:YAG laser combined with a VersaScan
OPD (532 nm, 5–7 ns, operated at 1 Hz, beam diameter 0.5 cm, ~5 mJ/pulse) integrated into
a commercial Edinburgh LP920 laser flash photolysis spectrometer system. Substrates were
held at 45º angle in quartz cuvette (1 cm path length) containing 0.1 M HClO4 with the top
fitted with an o-ring seal containing a Kontes valve inlet. Prior to measurement, the sample
was purged with Ar. A pulsed 450 W Xe lamp was used to pass white light probe pulses
through the sample that were focused into the spectrometer (5 nm bandwidth) and detected
by a photomultiplier tube (Hamamatzu R928) or CCD detector (Princeton Instruments).
Filters to cancel unwanted light were positioned before the detector accordingly.
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High-Resolution Transmission Electron Microscopy (TEM). TEM images of aqueous
IrOX NPs prepared on copper grids (200 copper mesh, carbon-coated Formvar; Ted Pella
Inc., Redding, CA) were collected on a JEOL 2010F FasTEM.
6.2.3 Synthesis of Ruthenium Complex
The chromophore, [Ru(4,4’-(PO3H2)2bpy)2(bpy)]2+, was synthesized following a
procedure reported by Norris et al.17 It will be abbreviated Ru complex.
6.2.4 Adjusting the pH of IrOX NPs
Perchloric acid (70% HClO4, 86 !L, 1 mmol) was added to 10 mL as-synthesized
IrOX NPs13 while stirring and upon addition, the solution turned brown.

The reaction

solution was stirred for ~24 h. The resultant solution (pH ~1) was very dark blue-purple and
used the same day for dip-coating substrates. If left to sit for days, a dark blue-purple
precipitate forms as the solution clarifies indicating that the IrOX NPs flocculate or aggregate,
which is not surprising given that HClO4 likely does not associate with the NP surface.
Throughout this report, IrOX NPs refers to those in lowered in pH via this procedure, unless
otherwise noted.
6.2.5 Preparation of Chromophore–Catalyst Films
Atop FTO slides, previous reports were followed for the preparation of nanoITO and
TiO2 substrates18–21 as well as zirconium dioxide (ZrO2) substrates22 For all, substrates were
coated either with (i) Ru complex (i.e., chromophore), (ii) IrOX NPs (i.e., catalyst), or (iii) Ru
complex followed by IrOX NPs (i.e., chromophore–catalyst); recall the Ru complex is
[Ru(4,4’-(PO3H2)2bpy)2(bpy)]2+. The resultant substrates will be denoted either (i) IrOXonly, (ii) Ru-only, or (iii) Ru+IrOX throughout the discussion. To coat with chromophore,
substrates were immersed in 0.1 M HClO4 solutions of the Ru complex (150 !M) for ~1.5 h.
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To coat with IrOX NPs, substrates were immersed in acidic solutions of IrOX NPs—prepared
as described above—for ~1.5 h. After each coating, slides were rinsed generously with
Nanopure water (18.3 M!) and argon dried with care.

6.3 Results and Discussion
The layer-by-layer approach for producing chromophore–catalyst assemblies
(Scheme 6.1) resulted in films where Ru and IrOX NPs retain their individual spectral
signatures while also demonstrating stability with respect to prolonged water oxidation and a
synergistic effect with respect to light-driven water oxidation.

Furthermore, through

comparison of coupled components with individual components, other subtleties are
observed. A photograph of substrates produced in through dip-coating in a layer-by-layer
fashion, along with a TEM image of the IrOX NPs (pH ~1) employed, is shown in Figure 6.1.
This simplified design of film formation allows the properties of chromophore–catalyst
assemblies and those of the individual components to be studied, which is important for
gaining an understanding of the influence of coupling. The following discussion will address
the results as they pertain to the experiment performed.
6.3.1 Spectroelectrochemistry
The spectroelectrochemical results qualitatively demonstrate that the Ru complex and
IrOX NPs undergo spectral changes independent of one another. Figure 6.2(a) shows a plot
of absorbance versus wavelength as the potential was stepped from fully reduced (0 V vs.
Ag/AgCl) to the onset of water oxidation (1.6 V vs. Ag/AgCl) in 0.02 V increments for a
nanoITO substrate coated with Ru complex and then IrOX NPs (Ru+IrOX). The data mirror
the summation (not shown) of results obtained for a film of Ru alone (Ru-only), Figure
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IrOX
[Ru(4,4’-(PO3H2)2bpy)2(bpy)]2+
nanoITO

Scheme 6.1 Illustration of layer-by-layer film design for a nanoITO substrate18–21 dip-coated
first with Ru complex as the chromophore and second with IrOX NPs as the catalyst.

170

(a)

Ru-only

IrOX-only

Ru+IrOX

Bare

(b)

Figure 6.1 (a) Photograph of zirconium dioxide (ZrO2) substrates22 coated with (from left to
right) Ru complex only (Ru-only), IrOX NPs only (IrOX-only), Ru complex followed by IrOX
NPs (Ru+IrOX), and nothing (bare) produced via the layer-by-layer procedure. Both
nanoITO and TiO2 substrates18–21 had comparable visual appearances following equivalent
coating steps. (b) TEM images at low (left) and high (right) magnification of IrOX NPs
lowered in pH from ~13 (as-synthesized) to ~1 with HClO4.
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Figure 6.2 (a) Overlay of UV–Vis spectra taken at a series of potentials as nanoITO
substrate coated with Ru+IrOX is swept from 0 V to 1.6 V (vs. Ag/AgCl) in 0.02 V
increments. (b) Corresponding concentration profile determined from the spectral changes
observed as a function of potential. Each letter represents a different optical species
observed, where A is an artifact of background subtraction. The points where curves
intersect are formal potentials between two species.
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6.3(a), and IrOX NPs alone (IrOX-only), Figure 6.3(c). The Ru-only substrate shows a
decrease (~450 nm) in absorbance as ruthenium is oxidized from Ru II to Ru III, signifying a
known bleaching.23 In contrast, the IrOX-only substrate shows an increase (~600 nm) in
absorbance as IrOX NPs are oxidized from Ir III through to Ir VI, analogous to the changes
seen in electrochromic studies of IrO2 films (i.e., as films are oxidized, they switch from
colorless to dark blue).7–10 Figure 6.2(a) of the Ru+IrOX substrate presents both the decrease
at ~450 nm and increase at ~600 nm as the potential is incrementally increased.
On the other hand, the corresponding concentration profiles, Figure 6.2 (b) and Figure
6.3 (b) and (d), as determined from the changes in absorbance with potential, reveal
subtleties of the influence of coupling the Ru complex with the IrOX NPs in comparison to
each species individually. In general, such plots provide an indication of the redox reactions
taking place along with expected formal potentials, where two species are present in equal
concentration; of note, species A is an artifact of the background subtraction in each plot.
First, in the profile for the substrate coated with Ru+IrOX (Figure 6.2(b)), the formal
potential of the redox couples B/C (~0.63 V) and C/D (~1.00 V) are assigned to the IrOX
NPs, coinciding with the formal potentials of Ir IV/III (~0.65 V) and V/IV (~1.10 V)
observed electrochemically in Figure 6.4, respectively. In the profile for the IrOX-only
substrate (Figure 6.3 (d)), these same couples are seen, labeled B/C and C/D, demonstrating
that the presence of the Ru complex on the Ru+IrOX substrate has no influence on the redox
chemistry of IrOX NPs.
In Figure 6.2(b), there also exists a third redox couple, D/E, with a formal potential
~1.25 V, which falls between the potential of the Ru-only B/C couple (~1.15 V), present in
Figure 6.3 (b), and the IrOX-only D/E couple (~1.35 V), present in Figure 6.3 (d). The
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Figure 6.3. Overlay of UV–Vis spectra taken at a series of potentials as nanoITO substrates
coated with (a) Ru-only and (c) IrOX-only are swept from 0 V to 1.6 V (vs. Ag/AgCl) in 0.02
V increments. Corresponding concentration profiles determined from the spectral changes of
substrates coated with (b) Ru-only and (d) IrOX-only observed as a function of potential.
Each letter represents a different optical species observed, where A is an artifact of
background subtraction. The points where curves intersect are formal potentials between two
species.
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IV/III!

oxida

tion!

V/IV!

water

Red = IrOX-only
Blue = Ru+IrOX

Figure 6.4 Cyclic voltammetry (CV) at 10 mV/S of nanoITO substrates coated with IrOXonly (red) and Ru+IrOX (blue) in 1.0 M electrolyte comprising 0.1 M HClO4 and 0.9 M
NaClO4. Dashed lines indicate formal potentials for Ir V/IV at ~1.1 V and Ir IV/III at ~6.5 V
(vs. Ag/AgCl). The differences in current are merely attributes of slight variations in
nanoITO substrates and loading.
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potential (~1.15 V) of the former corresponds well with the electrochemical formal potential
of Ru III/II (1.13 V)23, while that (~1.35 V) of the latter is within the region of water
oxidation as driven by IrOX NPs (Figure 6.4). Neither of these couples existing individually
in the concentration profile of the Ru+IrOX substrate (Figure 6.2(b)) implies that the coupling
of the Ru complex with IrOX NPs has an influence on their optical and/or electrochemical
properties. The cyclic voltammetry (CV) in Figure 6.4 suggests that the effect is not solely
electrochemical in nature as there is negligible difference in the onset potential of water
oxidation when performed on IrOX-only substrates versus Ru+IrOX substrates; small
differences can be attributed to variations in overall coating as the nanoITO areas slightly
deviate from substrate to substrate.
6.3.2 Water Oxidation with Applied Potential
Measuring current versus time (i-t) traces on both Ru+IrOX and IrOX-only nanoITO
substrates held at water-oxidizing potentials (at 1.6 V vs. Ag/AgCl) under acidic conditions
for 3 h demonstrated that the layer-by-layer protocol for depositing chromophore and catalyst
(all at room temperature) produces robust films. While the traces in Figure 6.5 show a slight
decrease in current for both substrates, the percentage loss in current is only ~10% and ~5 %
for Ru+IrOX and IrOX-only, respectively. A decrease in sustained current implies that film
came off the substrate with time. Assuming that the reduction in current is loss in coverage,
the presence of the Ru complex producing nearly double the loss of that in its absence may
indicate that the IrOX NPs bind more strongly to the bare nanoITO than to phosphonic acid
functional groups. Cyclic voltammetry (CV) performed before (“pre potential hold”) and
after (“post potential hold”) holding the potential for 3 h (Figure 6.6) demonstrates that any
film loss is negligible; however, because catalytic current is amplified, a change visible in the
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Red = IrOX-only
Blue = Ru+IrOX

Figure 6.5 Current versus time traces of nanoITO substrates loaded with IrOX-only (red)
and Ru+IrOX NPs (blue) in 1.0 M electrolyte comprising 0.1 M HClO4 and 0.9 M NaClO4
while holding the potential at 1.6 V (vs. Ag/AgCl) for 3 h. The percentage loss of current for
the former is 5%, from ~5.40 mA to ~5.15 mA, and the latter is 10%, from ~5.25 mA to
~4.70 mA.
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(a)

IrOX-only
Red = pre potential hold
Blue = post potential potential hold

(b)

Ru+IrOX
Red = pre potential hold
Blue = post potential potential hold

Figure 6.6 Cyclic voltammetry (CV) at 10 mV/s of nanoITO substrates coated with (a)
IrOX-only and (b) Ru+IrOX in 1.0 M electrolyte comprising 0.1 M HClO4 and 0.9 M NaClO4
taken before (pre potential hold, red) and after (post potential hold, blue) holding the
potential at 1.6 V (vs. Ag/AgCl) for 3 h.
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region of water oxidation may not be visible in region of Ir redox couples, where current is
much lower.
An additional outcome of holding the potential at water oxidation for 3 h is the visual
appearance of both substrates. With time, both grow paler, as shown in Figure 6.7 for before
and after the potential hold, again implying film loss. It is also plausible that the change in
appearance is an optical effect. Because the change is seen in both films, it can be attributed
to the IrOX NPs, and such a change therefore may appear as unlikely to be of optical origin as
it contradicts the increased absorbance observed in spectroelectrochemistry with rising
potential. However, if the electrochromic character of IrOX differs as a result of catalysis—
undergoing cycles of oxidation and reduction—it then would not be surprising to see
unexpected optical changes. Furthermore, at such high anodic potentials, the films may
undergo a change in morphology that in turn alters the optical properties. It is known that assynthesized IrOX NPs electroflocculate onto electrode surfaces when held at high, wateroxidizing potentials.3

Perhaps a similar mechanism is taking place on the dip-coated

electrode for the acidic-deposited IrOX NPs, altering the electrical connection between
adjacent NPs and changing the appearance of the films.
6.3.3 Photolysis
Again taking advantage of the layer-by-layer approach—which allows each
individual component to be analyzed independently—photolysis was performed on TiO2
substrates containing Ru-only, IrOX-only, and Ru+IrOX. Each substrate was illuminated for
10 s increments at varying intensities using a blue light (455 nm, lower in energy than that
which excites TiO2). Figure 6.8 shows the current produced during each illumination and
between illuminations (i.e., dark current). The difference between the current near the end of
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(a) IrOX-only

(b) Ru+IrOX
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Figure 6.7 Photograph of cell setup containing nanoITO substrates coated with (a) IrOXonly and (b) Ru+IrOX before (left) and after (right) holding the potential at 1.6 V (vs.
Ag/AgCl) for 3 h in 1.0 M electrolyte comprising 0.1 M HClO4 and 0.9 M NaClO4. For both
substrates, the films were darker initially. The cell setup mimics that used in
spectroelectrochemical measurements.
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Figure 6.8 Photolysis of TiO2 substrates coated with Ru-only (orange), IrOX-only (purple),
and Ru+IrOX (green). The black bars indicate the duration of substrate illumination (from
left to right) at 10%, 50%, and 100% light intensity as produced through manually switching
the light source on and off.
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illumination (e.g., at 18 s for 10% intensity) and the dark current just before illumination
(e.g., at 8 s for 10% intensity), photocurrent, is presented for each substrate in Table 6.1 and
plotted in Figure 6.9. In addition, the sum of the photocurrent from Ru-only and IrOX-only
(Ru-only + IrOX-only) is presented for comparison. Of significance is that the photocurrent
from Ru+IrOX is larger than that of Ru-only and IrOX-only summed together, indicating that
there exists a synergistic effect between the Ru complex as the chromophore and IrOX NPs as
the catalyst. Also worth notice, the IrOX-only substrate produces, albeit small, photocurrent,
which has been similarly reported by Osterloh and coworkers.24

The results overall

emphasize the benefit of being able to analyze each component alone without altering its
preparation from that used for components in the coupled substrate.

6.3.4 Transient Absorption
For comparison to other chromophore–catalyst assemblies, measurements were made
to evaluate the electron transfers occurring between the Ru complex and IrOX NPs as well as
between each of them and the substrate. Prior to transient absorption studies, UV–Vis
spectra were gathered for both ZrO2 and TiO2, coated with Ru-only, IrOX-only, and Ru+IrOX,
as shown in Figure 6.10. The substrates exhibit absorption spectra complementary to the
spectroelectrochemical data, where the spectrum of Ru+IrOx is equivalent to the sum of Ruonly and IrOX-only.
To evaluate transitions of Ru and IrOX without concern for electron injection into the
substrate, emission measurements were performed on the dip-coated ZrO2 substrates. The
high conduction band of ZrO2 relative to that of TiO2 prevents excited state electron
transfer.23,25 Emission spectra (Figure 6.11) show that IrOX-only is non-emissive while Ru-
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Table 6.1 Photocurrents produced during illumination as calculated from the difference
between the current near the end of illumination (e.g., at 18 s for 10% intensity) and the dark
current just before illumination (e.g., at 8 s for 10% intensity) for each light intensity and
TiO2 substrate, corresponding to Figure 6.8. The last column shows the sum of
photocurrents from Ru-only and IrOX-only for comparison to Ru+IrOX.
Photocurrent, !A
%
light intensity
(at 455 nm)

Ru-onlya

IrOX-onlyb

Ru+IrOXc

Ru-only
+
IrOX-only

10

1.82

1.79

4.97

3.61

50

3.21

1.83

7.12

5.04

100

5.61

1.89

10.81

7.50

a. Calculated as the difference between the current at the end of illumination (tlight = 18, 38,
and 58 s for 10%, 50%, and 100%, respectively) and the dark current just prior to
illumination (tdark = 8, 28, and 48 s for 10%, 50%, and 100%, respectively)
b. Calculated like that of Ru-only, but the illuminated current was taken at earlier times (tlight
= 12, 35, and 56 s for 10%, 50%, and 100%, respectively) to avoid contributions from the
increasing background (see Figure 6.8).
c. Calculated exactly like that of Ru-only except the illuminated current at 10% was taken at
tlight = 15.5 s.
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Figure 6.9 Plot representation of the photocurrent data presented in Table 6.1 for Ru-only
(orange), IrOX-only (purple), Ru+IrOX (green), and Ru-only + IrOX-only (blue) at each light
intensity.
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Figure 6.10 UV-Vis spectra of (a) TiO2 and (b) ZrO2 substrates coated with Ru+IrOX
(green), IrOX-only (blue) and Ru-only (red) gathered in aqueous 0.1 M HClO4. Also, a
spectrum of each substrate bare (black) is included. The Ru complex exhibits a peak from
400 to 550 nm representing metal-to-ligand charge-transfer (MLCT) while the IrOX NPs
exhibit a peak near 585 nm originating from an incompletely understood transfer.
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Figure 6.11 Emission spectra of ZrO2 substrates coated with Ru-only (red), IrOX-only
(blue), and Ru+IrOX (black) obtained in argon degassed 0.1 M HClO4 aqueous solution.
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only, as expected,23 demonstrates strong emission. While on ZrO2, the Ru complex behaves
similar as it would in solution, with excited state decay occurring through radiative and nonradiative processes because electron transfer cannot occur to the conduction band of ZrO2.
When IrOX NPs are added to the film (i.e., Ru+IrOX), notable quenching (> 95%) is
observed, suspected to be a result of energy transfer rather than electron transfer as supported
by the negligible transient absorption signal (discussed below) and the long times expected
for electron transfer quenching.5
Lastly, transient absorption spectra were collected for dip-coated TiO2 substrates as
presented in Figure 6.12. It can be inferred from the trivial signal of the IrOX-only substrate
that photo-excitation does not produce oxidized IrOX NPs through excited state electron
transfer to TiO2. Furthermore, the effect that IrOX NPs have on the transient absorption
spectrum of the Ru complex is also small. The Ru-only and Ru+IrOX spectra are very
similar, both bleaching near 450 nm, analogous to that seen in the spectroelectrochemistry
results. Of note, however, is the subtle shift of absorbance at long wavelengths (~550–800
nm) from positive for Ru-only to negative for Ru+IrOX. Mallouk and coworkers observed
similar behavior in their systems, which has been attributed to the formation of oxidized IrOX
NPs and subsequently, partial electron transfer to Ru following its electron injection to TiO2.
Presumed slow electron transfer kinetics between IrOX and Ru may account for the small
effect.5
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Figure 6.12 Transient absorption difference spectra of TiO2 substrates coated with (a) Ruonly, (b) IrOX-only, and (c) Ru+IrOX performed in aqueous 0.1 M HClO4 degassed with
argon. Measurements were taken (from dark to light green) at 50, 100, 500, and 1000 ns
following excitation at 450 nm (5.0 mJ/pulse).
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6.4 Conclusions
The layer-by-layer film formation produced films having electron injection and
electron transfer characteristics similar to those produced through other means,
demonstrating that indeed dip-coating with Ru complex followed by IrOX NPs sufficiently
couples the chromophore and catalyst.

Additionally, significant insight regarding the

chromophore and catalyst relationship was gathered through comparison of Ru+IrOX films to
films of individual components. Characterization of subtle details concerning the optical
properties and photolysis was aided by the ease in which results can be obtained for single
components of a film prepared through dip-coating. Our results show that direct comparison
of the individual components involved in building coupled films can be performed, holding
great potential for similar studies of films containing even more complicated coupling with
more than two components. The future of the collaborative work just described will extend
this layer-by-layer procedure to involve a variety of chromophores and dipping conditions.
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APPENDIX 1

Electron transfer dynamics of iridium oxide nanoparticles attached to electrodes by
self-assembled monolayers

The materials in this appendix are supplementary information for Chapter 3.
(Adapted with permission from Gambardella, A. A.; Feldberg, S. W.; Murray, R. W. J. Am.
Chem. Soc. 2012, 134, 5774. Copyright 2012 American Chemical Society.)

Table A1.1. Experimental data (!EPEAK vs. potential scan rate) for C8, C12, and C16 NPSAMs in 0.1 M NaOH electrolyte and in 1.0 M electrolyte comprised of 1:9 mole ratio of
NaOH:KNO3, pH ~13.

0.1 M electrolyte, pH ~13
C8
",
V/s

C12

!E, V

",
V/s

0.05

0.0701

0.02

1.0 M electrolyte, pH ~13
C16

!E, V

",
V/s

0.05

0.1103

0.0901

0.02

0.05

0.0606

0.1

C8

!E, V

",
V/s

0.05

0.2905

0.1004

0.05

0.05

0.0950

0.0700

0.1

0.1

0.0559

0.15

C12

!E, V

",
V/s

0.05

0.0698

0.2953

0.05

0.1

0.3603

0.1052

0.15

0.15

0.1108

0.0661

0.2

0.1254

C16

!E, V

",
V/s

!E, V

0.05

0.0997

0.05

0.2750

0.0553

0.02

0.0955

0.05

0.2703

0.1

0.0506

0.05

0.0895

0.1

0.3400

0.4056

0.15

0.0510

0.1

0.0898

0.15

0.3903

0.2

0.4406

0.2

0.0505

0.15

0.0960

0.15

0.3953

0.25

0.4556

0.25

0.0508

0.2

0.1107

0.2

0.4304

0.2

0.0655

0.25

0.1254

0.3

0.4823

0.3

0.0589

0.25

0.1056

0.25

0.4604

0.25

0.0656

0.3

0.1291

0.35

0.5023

0.35

0.0546

0.3

0.1189

0.3

0.4829

0.3

0.0654

0.35

0.1289

0.4

0.5210

0.4

0.0565

0.35

0.1238

0.35

0.5075

0.35

0.0787

0.4

0.1510

0.45

0.5369

0.45

0.0517

0.4

0.1311

0.4

0.5265

0.4

0.0764

0.45

0.1468

0.5

0.5560

0.5

0.0611

0.45

0.1367

0.5

0.5465

0.45

0.0717

0.5

0.1562

0.6

0.5773

0.6

0.0623

0.5

0.1412

0.6

0.5771

0.5

0.0758

0.5

0.1561

0.7

0.5909

0.7

0.0639

0.6

0.1471

0.7

0.5959

0.6

0.0815

0.6

0.1572

0.8

0.6099

0.8

0.0614

0.7

0.1583

0.8

0.6042

0.7

0.0742

0.7

0.1739

0.9

0.6188

0.9

0.0632

0.8

0.1691

0.9

0.6231

0.8

0.0822

0.8

0.1797

1

0.6375

1

0.0619

0.9

0.1785

1

0.6424

0.9

0.0886

0.8

0.1847

1.2

0.6544

1.2

0.0739

1

0.1815

1.2

0.6593

1

0.0915

0.9

0.1884

1.4

0.6725

1.4

0.0693

1.2

0.1992

1.4

0.6719

1.2

0.0938

1

0.1973

1.6

0.6971

1.6

0.0692

1.4

0.2084

1.6

0.7016

1.4

0.0919

1.2

0.2143

1.8

0.7082

1.8

0.0659

1.6

0.2194

1.8

0.7194

1.6

0.0983

1.4

0.2263

2

0.7163

2

0.0703

1.8

0.2183

2

0.7162

1.8

0.0995

1.6

0.2435

2.4

0.7431

2.4

0.0776

2

0.2365

2.4

0.7332

2

0.1123

1.8

0.2466

2.8

0.7674

2.6

0.0767

2.4

0.2479

2.8

0.7619

2.4

0.1127

2

0.2546

3.2

0.7829

2.8

0.0753

2.8

0.2613

3.2

0.7767

2.8

0.1156

2.4

0.2732

3.6

0.7919

3.2

0.0809

3.2

0.2818

3.6

0.7917

3.2

0.1262

2.8

0.2905

4

0.8168

3.6

0.0851

3.6

0.2881

4

0.8083

3.6

0.1322

3.2

0.3081

4

0.0884

4

0.3064

4

0.1362

3.6

0.3173

4.4

0.0915

4.4

0.3153

4.4

0.1411

4

0.3268

4.8

0.0925

4.8

0.3280

4.8

0.1411

4.4

0.3414

5.2

0.0981

5.2

0.3377

5.2

0.1508

4.8

0.3545

5.6

0.1005

5.6

0.3447

5.6

0.1571

5.2

0.3646

6

0.1004

6

0.3526

6

0.1605

5.6

0.3688

6.4

0.1027

6.4

0.3642
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6.4

0.1681

6

0.3908

6.8

0.1088

6.8

0.3710

6.8

0.1711

6.4

0.3925

7.2

0.1099

7.2

0.3780

7.2

0.1759

6.8

0.4029

7.6

0.1138

7.6

0.3780

7.6

0.1748

7.2

0.4145

8

0.1123

8

0.3873

8

0.1850

7.6

0.4242

8.4

0.1213

8.4

0.3943

8.4

0.1897

8

0.4272

8.8

0.1193

8.8

0.4002

8.8

0.1904

8.4

0.4375

9.2

0.1230

9.2

0.1969

8.8

0.4455

9.6

0.1231

9.6

0.2000

10

0.1309

10

0.2007

195

THEORY
Cyclic Voltammetric Responses for Combined k0 and Ru Control for an Ideal SurfaceConfined Redox Species Assuming Butler-Volmerian Electron Transfer, with a Focus
on Peak Separation as a Function of Scan-Rate
The cyclic voltammetric response for an ideal surface-confined redox system will be
considered to be controlled primarily by two factors:
1. The potential dependence of the electron transfer rate constants, kox and kred.
2. The uncompensated resistance, Ru.
For systems of interest we can assume that the Butler-Volmer paradigm will be adequate
since it is likely that the uncompensated resistance effects dominate in some but not all
examples. Invoking the additional constraint that ! = ! and the IUPAC convention:
& F
#
kox = k 0 exp$
E ' E 0 ' iRu !
% 2 RT
"

(

)

(1)

& F
#
kred = k 0 exp$'
E ' E 0 ' iRu !
% 2 RT
"

(

(1)

)

Assume ideal behavior of the surface species, i.e., the activities, aox and ared, of the surface
confined species are proportional to the surface concentrations, i.e.,
aox =

ared =

(2)

! ox ! ox
! total

! red ! red

(3)

! total

where ! ox and ! red are constants. Then, the operative Butler-Volmerian expression
controlling electron transfer is:
(4)

& F
#
& F
#
i = area Fk 0 ared exp$
E ' E 0 ' iRu ! ' aox exp$'
E ' E 0 ' iRu !
2
RT
2
RT
%
"
%
"

(

)

(

)

Combining with eqns. 2 and 3 gives:
&
!
, F
i = area Fk 0 ! total $$ . red red exp*
E - E 0 - iRu
!
2
RT
+
total
%

(
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))' - .
(

ox

! ox
, F
exp*E - E 0 - iRu
! total
2
RT
+

(

))' #!!
("

(5)

Then, some algebraic manipulation gives:
&
, F
)
, F
i = area Fk 0 $$ . red ! red exp*
E - E 0 - iRu ' - . ox ! ox exp*E - E 0 - iRu
+ 2 RT
(
+ 2 RT
%
& .
. ox
, F
)
, F
area Fk 0 . ox . red $$ red ! red exp*
E - E 0 - iRu ' ! ox exp*.
2
RT
.
+
(
+ 2 RT
ox
red
%

(

)

(

(

)

))' #!! =
("

(E - E

0

)#
- iRu ' !!
("

)

(6)

Eqn. 6 leads to a final expression which retains the familiar Butler-Volmer form:
&
, F
i = area Fk 0 ' $$ ! red exp*
E - E 0 '-iRu
2
RT
+
%

(

))'( - !

ox

, F
exp*E - E 0 '-iRu
2
RT
+

(

))'( #!!
"

(8)

Where
k 0 ' = k 0 !ox !red

(9)

and
E0'= E0 +

2 RT & ' red #
ln $
!
F
% 'ox "

(10)

The aspects of the cyclic voltammetric response that are of particular interest are
1. the difference in the anodic and cathodic peak potentials, !Epeak expressed as the
dimensionless parameter !Epeak,norm :

"Epeak, norm =

F
F
(Epeak,anodic ! Epeak,cathodic )
"Epeak =
RT
RT

(11)

2. the absolute value of the scan rate |v| expressed as the dimensionless parameter vnorm:
vnorm, k =

F |v|

(12)

RTk 0 '

3. and the uncompensated resistance, Ru, expressed as the dimensionless parameter
Ru,norm:
Ru, norm =

area F 2 k 0 ' ! total Ru
RT
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(13)

A plot of !Epeak,norm vs log10[vnorm,k] as a function of Ru,norm is shown in Figure A1.1.
100
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Figure A1.1. A Plot of !Epeak,norm vs log10[|vnorm,k|] as a function of Ru,norm.
An expansion of Figure A1.1 is shown in Figure A1.2. When attempting to fit experimental
data plotted as !Epeak,norm vs log10[|v|], matching to theory is permitted only by lateral
“sliding” along the abscissa. Once Ru,norm > 1 the theoretical plots are linear translations along
the abscissa and there are a multitude of fits. The critical insight is that it is virtually
impossible to extract the value of k0! when Ru,norm > ~2. A more useful theoretical
presentation is that shown in Figure A1.2.
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Figure A1.2. Expansion of plot shown in Figure A1.1.
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Figure A1.3. Universal plot for Ru,norm > 2.
Note the redefinition of the abscissa in Figure A1.3 as vnorm,Ru defined by:
vnorm,Ru =

area F 3 | v | ! total Ru
(RT )2
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