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Electrochemical methods are an extremely diverse set of tools that can be applied
to a large number of systems for quantitative, qualitative, and synthetic purposes. For the
work described in this dissertation, electrochemical methods provided the basis for the
analysis or fabrication of three unique systems.

Chapter 1 describes the analysis of carbon monoliths, produced by the pyrolysis
of bovine bone, as electrodes in supercapacitor devices. After pyrolysis of the bone and
subsequent removal of the hydroxyapatite support structure, via acid or
ethylenediaminetetraacetic acid, a conductive carbon monolith that retains the
macroscopic structure of the original bone remains. Analysis of the Raman spectra
demonstrates that the carbon is similar to amorphous carbons. Electrochemical analysis
shows that the monoliths have a specific capacitance of 134 £ 11 F/g in aqueous solutions
of potassium nitrate and 108 + 9 F/g in the ionic liquid 1-ethyl-3-methylimidizolium
bis(trifluoromethylsulfonyl)imide.

Chapter 2 discusses the application of electrochemical methods to the analysis of
the explosive triacetone triperoxide (TATP) in nonaqueous solutions. The E;, for the

reduction of TATP at a glassy carbon electrode surface is -2.25 V vs.



ferrocene/ferrocenium at a scan rate of 100 mV/s and is well described by a relatively
slow two-electron reduction followed by a fast chemical transformation, as determined by
bulk electrolysis and digital simulation experiments. It was found that the first reduction
product of [tris(2-2’-bipyridine) ruthenium (111)]** reacts with TATP in solution and
shifts the reduction of the peroxide by +550 mV to -1.70 V vs. ferrocene.

Chapter 3 describes the electrochemical polymerization of aniline and pyrrole to
bridge gaps of 50-200 nm between micropatterned electrodes. It was determined that
polyaniline deposited from aqueous solutions of aniline containing sulfuric acid resulted
in relatively uniform and stable bridges. Polypyrrole deposited from dry acetonitrile
solutions of pyrrole containing tetrabutylammonium hexafluorophosphate also produced
relatively uniform and stable bridges. When the oxidation states of the polymer bridges
were switched from neutral to oxidized the resistance of the junctions decreased by 40%
and 50% for polyaniline and polypyrrole, respectively. Junctions of this type could be

used as the basis for sensor devices in the future.
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Chapter 1

The Preparation of Carbon Monoliths Derived from Bovine Bone and Their
Analysis as Supercapacitor Electrodes

Portions of this chapter are based on material previously presented in:
Paul A. Goodman, H. Li, Y. Gao, Y. F. Lu, J. D. Stenger-Smith, Jody Redepenning;
Preparation and characterization of high surface area, high porosity carbon monoliths
from pyrolyzed bovine bone and their performance as supercapacitor electrodes. Carbon
(2013), http://dx.doi.org/10.1016/j.carbon.2012.12.066

Introduction

The diminishing availability of fossil fuels, coupled with the increase in new
primary energy sources, makes the development of new ways to store energy an
increasingly important pursuit. The surge in popularity of hybrid electric vehicles and
portable electronic devices has created a large potential market for these novel storage
devices. Supercapacitors, or more accurately electrochemical double layer capacitors
(EDLC), offer one option for meeting part of this rising demand. Supercapacitors make
use of the inherently high capacitance of the electrochemical double layer at high-
surface-area electrodes, which are usually some form of carbon [1]. One of the great
benefits of supercapacitors is that, in addition to the relatively large amounts energy
stored, charging and discharging the electrochemical double layer are highly reversible
processes that can be cycled many tens of thousands of times with very little degradation
[2-4]. The first patent for such a device was awarded to Becker in 1957 [5].

A commonly used description of the electrochemical double layer is known as the
Gouy-Chapman-Stern model. This model describes the overall electrochemical double
layer capacitance, Cneas, @S @ combination of two individual interfacial capacitances. The

first is the capacitance of the diffuse layer, C;, as described by Gouy and Chapman. This


http://dx.doi.org/10.1016/j.carbon.2012.12.066
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capacitance is a result of the ordering of ions, treated as point charges, in the diffuse
region of the solution in response to an applied potential at an electrode surface. The so-
called Helmholtz layer contributes the second capacitance, C,. The Helmholtz layer is
the compact layer of ions, with a finite size, directly adjacent to the electrode surface.
Stern proposed the addition of this compact layer to the Gouy-Chapman treatment to
account for the unlimited rise in differential capacitance caused by the treatment of ions
as point charges rather than species of finite size. Though this description ignores the
effects of some additional phenomena such as specific adsorption, and differences in ion
sizes, it generally provides a good agreement with the overall features of experimental
data [1, 6].

Based on the reciprocal relationship between two capacitors connected in series,

Co. C G, (1.1)
the smaller of these two capacitances (C; and C,) will have a larger contribution to the
overall value of Cyes. In a system with a high concentration of electrolyte, such as a
supercapacitor, the value for C; is very large relative to C, [6]. Therefore, the capacitance
of the Helmholtz layer dictates the value for Cyeas in an EDLC system.

The distance of closest approach for charge compensating ions as defined by the
original description of the Helmholtz layer, as well as the extended description published
later by Grahame, implies that the effective “dielectric” thickness in the electrochemical
double layer is on the order of 4 A, or roughly the size of an ion or molecule [1, 7].
When one assumes an applied potential to the electrode surface of 1 V, the estimated

magnitude of the electric field across this interface is on the order of 10° VV/m.
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It is this large field, made possible by the highly stable nature of the system, that

gives rise to the naturally high capacitance of the double layer. Given the generally
accepted generic value for the capacitance of the double layer of approximately 20
UF/cm?, one can estimate that an electrode with a surface area of 1000 m?/g would have a
specific capacitance of 200 F/g. The energy stored in a capacitor is directly proportional

to the capacitance, as shown in Equation 1.2:

E :%cvz (1.2)

where E is energy, C is capacitance, and V is applied voltage. This relationship shows
that maximizing the stored energy in EDLCs can be accomplished by increasing the
electrode area, and also by increasing the applied voltage in the system. Equation 1.2 is
an accurate approximation of the capacitance in the same limit as the Helmholtz model,
the simple model of the electrochemical double layer capacitance that first appeared over
one hundred years ago. The Helmholtz layer dominates the measured capacitance of an
electrode when the concentration of ions in solution is high. In the time since the
Helmholtz model was first introduced, a large number of refinements have been made to
models that describe double layer thermodynamics and kinetics. A summary of these
refinements, including historical treatments, appears as a full chapter in the advanced
electrochemistry text, "Electrochemical Methods" [6]. One of the challenges of EDLCs
is that the maximum applied voltage must be low enough to avoid electrolyte breakdown.
Highly stable electrolyte systems, such as those based on non-aqueous solvents or ionic
liquids, have allowed the operating potential of supercapacitor devices to be increased
significantly, leading to higher energy densities compared to first generation, aqueous

devices [4, 8-11].
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In addition to advances in electrolyte stability, advances have also been made in
the carbon materials used as the electrodes. Carbon fabrics produced by Hung et al. are
reported to have a specific capacitance of 90 F/g at room temperature using propylene
carbonate solutions of tetraethylammonium tetrafluoroborate as the electrolyte [12]. Lin
et al. made porous activated carbon fibers via the pyrolysis of polyacrylonitrile which
they reported to have specific capacitances of 180 F/g in aqueous sulfuric acid electrolyte
[13]. Many groups have developed supercapacitors based on carbon nanotubes with
results varying from 20 F/g up to 140 F/g depending on the modification techniques used
[14-17]. Bushueva et al. and Gao et al. have both reported the use of carbon nano-onions
as capacitor electrodes with specific capacitance values of around 100 F/g [18, 19].
Graphene is another form of carbon that has been explored by many researchers. Two
specific examples are those by Vivekchand et al. and Stoller et al., who reported specific
capacitances of 117 and 135 F/g, respectively, in aqueous electrolytes [4, 8].

One common method for producing carbon materials is the pyrolysis of carbon-
containing polymers to leave behind a conductive carbon network [20-23]. Applying
pyrolysis techniques to powdered animal bones can produce a bone char containing a
high percentage of conductive carbon with specific surface areas of approximately 2100
m?/g [23, 24]. These materials have been demonstrated to work as cathodes in lithium-
sulfur batteries [24].

The work presented in this chapter demonstrates that the pyrolysis of intact
bovine cortical bone produces high-surface-area carbon monoliths, which can be used as
electrode material for EDLCs. When pyrolysis of the organic components within the

bone is performed under the conditions described, the resulting composites contain
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conductive carbon interwoven with the structural hierarchy natural to the hydroxyapatite
(HA). This natural inorganic “scaffold” prevents the collapse of the carbon structure
during the pyrolysis and is largely conserved at the macroscopic, and to a lesser extent,
microscopic scales. Photographs of some examples of these carbon/HA composites are
shown in Figure 1.1.

Untreated plugs of cortical bone, such as the one shown in Figure 1.1, exhibit a
density of approximately 2.0 g/cm®. In this starting material, approximately 75% of the
mass is HA, and about 25% is water, collagen, and other organic materials. During the
pyrolysis procedure described in the experimental section of this chapter, the organic
constituents decompose to produce the black materials shown in Figure 1.1, which
contain about 3% C by weight. Removing the HA by chemical means, such as dilute acid
or chelating agents like ethylenediaminetetraacetic acid (EDTA), leaves behind
monolithic conductive carbon networks with densities of approximately 0.05 g/cm?®, from
which EDLC prototypes have been constructed. These networks exhibit high specific
surface areas and are self-supporting. This chapter describes the characterization of these
monoliths and examines their performance as supercapacitors in both aqueous media and
ionic liquids.

Experimental

Chemicals: EDTA (tetrasodium salt, Sigma Aldrich, premium grade, St. Louis,
MO), potassium nitrate (KNO3 Sigma Aldrich, puriss grade, St. Louis, MO), acetonitrile
(Burdick and Jackson, HPLC grade, Muskegon, MI), hydrochloric acid (Fluka, trace
metal grade, St. Louis, MO), and activated carbon (Darco KB-G, Sigma Aldrich, St.

Louis, MO) were used as purchased. 1-Ethyl-3-methylimidizolium bis(trifluoro-



Figure 1.1. Photograph of a bovine bone plug (upper left), and two pyrolyzed disks
(upper right and lower), all of which still contain their hydroxyapatite scaffold.
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methylsulfonyl)imide (EMIBTI, lonic Liquid Technologies, Tuscaloosa, AL) was filtered
through silica gel activated at 400 °C for 24 h to remove impurities. A small section (2
mm) of glassy carbon rod (TCR-30, Electrosynthesis, Inc., Lancaster, NY) was
pulverized in a mortar in pestle prior to being characterized by Raman spectroscopy.

Sample Preparation and Pyrolysis: Cylindrical bone plugs were machined in the

longitudinal direction from the diaphyseal section of bovine femurs (Premium Protein
Products, Lincoln, NE) with a 6 mm diameter dowel tool, as described previously by
Wiegand et al. [25]. The plugs were sectioned on a lathe into cylindrical disks 6 mm in
diameter and 1.5 mm thick. These disks were then stacked in an 8 mm inner diameter
quartz tube and heated in vacuo (20 mTorr) using a Thermo Scientific (Waltham, MA)
Model F46240CM-33 oven with a Eurotherm 2408 temperature controller. The pyrolysis
was performed using an adaptation of the heating protocol by described by Tormala and
Romppanen for the preparation of glassy carbon from lignins [26]. The temperature of
the bone disks was initially raised rapidly from room temperature to 180 °C over
approximately 4 min. The temperature was then increased from 180 to 750 °C at a
ramping rate of 18 °C/h. Finally, over 5 min the temperature was ramped from 750 to
1000 °C, at which point the oven was switched off and allowed to cool passively for 16 h
to room temperature. The preparation of the disks was largely performed by Haoming Li
with my occasional assistance. Prior to surface area and electrochemical
characterization, the HA was removed from pyrolyzed disks by immersing them for 120
h in 40 mL of a pH 7.5, 500 mM aqueous solution of EDTA. Finally, the samples were
rinsed three times (over two hours for each rinsing) in 40 mL of deionized water to

remove any remaining EDTA.
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Surface Area Measurements: Specific surface areas were measured by nitrogen

adsorption using the Brunauer, Emmett, Teller (BET) method [27]. All adsorption
measurements were made using a Micromeritics (Norcross, GA) ASAP 2020 Surface
Area and Porosity Analyzer.

Raman Spectral Analysis: Raman spectroscopy was performed using a Renishaw

(Hoffman Estates, IL) inVia Dispersive Micro-Raman Spectrometer with an argon laser
excitation source at a wavelength of 514.5 nm. Samples were prepared by pressing
powdered carbon into a pellet prior to analysis. Fitting of the spectra was performed
using OriginPro v 8.0 software (OriginLab, Northampton, MA) as reported by Sadezky et
al. [28]. These authors reported that the Raman spectra of carbon materials are well fit by
five Lorentzian peaks: G (attributed to an ideal graphitic lattice with E;q symmetry), D1
(attributed to a disordered graphitic lattice with A1 symmetry), D2 (disordered graphitic
lattice with Epy symmetry), D3 (amorphous carbon fragments that may include
functionalized small molecules), and D4 (disordered graphitic lattice with Aiq symmetry,
and ionic impurities). Haoming Li collected the Raman spectra with the assistance of
Yang Gao. | performed the fitting analysis with the assistance of Mr. Li. All of the
spectroscopy equipment needed to perform the Raman characterizations was maintained
by Professor Yongfeng Lu and his research group in the Department of Electrical
Engineering at the University of Nebraska (Lincoln, NE).

Compressive Testing: Compression testing experiments were performed using a

single axis Instron 5967 electromechanical machine with a 30 kN load cell (Norwood,
MA). For the monolith materials, the testing was performed by compressing 6 mm x 12

mm rods of the material at a rate of 0.1 mm/min to an extension of 0.6 mm. The
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compression was then reversed and the load decreased at the same rate until the extension
returned to 0 mm.

Electrode Preparation and Electrochemical Analysis: When the interstitial solvent

was allowed to evaporate in air, the carbon monoliths progressively deformed if the
hydroxyapatite support structure had been removed. For this reason, electrochemical
characterizations required that the monoliths remain fully solvated once the HA scaffold
was removed. After the HA were extracted from the carbon/HA composites, as described
above, the monoliths (filled with deionized water) were placed in a 2 M solution of KNO3
in water and allowed to equilibrate for 6 h. A glass microfiber prefilter (Millipore,
Billerica, MA) was then placed between two discs to separate them, and the resulting
sandwich was inserted near the center of a 3 cm long section of 0.65 cm ID x 1.3 cm OD
Tygon® tubing (Formulation R-3606) filled with 2 M KNOg3(ag). Modest pressure from
two gold plated stainless steel rods provided electrical contact. A silver wire, inserted
though the tubing wall into the electrolyte cavity, served as a pseudoreference electrode
for all three-electrode electrochemical measurements. All openings were then sealed
with epoxy (Hardman Double Bubble Extra Fast Setting, West End, NC) to prevent
solvent evaporation and leakage. This configuration provides a convenient setup in
which both two-electrode and three-electrode measurements can be made. Non-aqueous
cells were prepared by equilibrating the disks in acetonitrile (three times for two hours
each) to remove the water. The disks were then immersed in ~1 mL of EMIBTI and
placed in vacuo for 16 h to remove the acetonitrile. Electrochemical cells were then
assembled as described above, but with EMIBT] as the electrolyte/solvent. Images of the

cell components and an intact cell are shown in Figure 1.2. The electrode materials were
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Figure 1.2. Photographs of the individual components of the supercapacitor device cell
(top) and an image of the assembled cell (bottom).
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characterized using cyclic voltammetry, chronoamperometry, chronocoulometry, and
chronopotentiometry employing a CHI 760C potentiostat (Austin, TX). Electrode
masses used to calculate specific capacitance for these electrodes were measured by
washing the monoliths with water, or acetonitrile (three times over two hours each) to
remove solvent and electrolyte, followed by drying at approximately 50 °C.

Calculation of Specific Capacitance: Many of the electrochemical measurements

were made in two-electrode cells in which both electrodes were carbon monoliths. The
masses of these electrodes were always similar but not the same, as were the single-
electrode double layer capacitances. In order to determine the specific capacitance of the
material itself | accounted for the differences in electrode mass as follows. In a two-
electrode EDLC, each electrode functions as a capacitor and so, in the simplest
approximation, the equivalent circuit is composed of two capacitors in series. The well-
known reciprocal relationship shown in equation (1.1) can be used to relate the measured
capacitance (Cneas) to the individual capacitances of this series (C; and C,). Using the

definition of specific capacitance shown in equation (1.3)

C == (1.3)

" om
where C is the capacitance of the individual electrode, C, is its specific capacitance, and
m 1S its mass, one can rewrite equation (1.1) in terms of the specific capacitances and the
electrode masses as shown in equation (1.4),

r _rt .1 (1.4)

Cslml Cszmz

C

meas

where C,; and Cs;, are the specific capacitance of electrode 1 and electrode 2, respectively.

The monoliths were prepared from the same starting material, under the same conditions,
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and generally in the same batch process, therefore it is reasonable to assume that the
specific capacitances of the electrodes were the same, i.e., C,

C,=C,=C, (1.5)
Substituting the definition found in equation (1.5) into equation (1.4) gives a simple
relationship, equation (1.6), which relates the measured capacitances in two-electrode

devices to the specific capacitance of material used to fabricate it.

. (mm]

m,m,

(1.6)

Results and Discussion

Scanning Electron Microscopy: The scanning electron micrographs (SEM)

shown in Figure 1.3 provide an intermediate perspective between the photograph in
Figure 1.1 and the transmission electron microscopy (TEM) shown in Figure 1.4. The
top image in Figure 1.3 shows a representative portion of the monolith after pyrolysis but
before extraction of the HA. Note that under these pyrolysis conditions the macro-scale
and meso-scale structures of the original cortical bone are largely preserved. This view
of a polished transverse cross section plainly displays osteon bundles centered on
Haversian canals that are approximately 30 um in diameter. Closer examination also
reveals an abundance of smaller lacuna, where osteocytes were previously located,
between the lamellae.

Imaging following the removal of the HA and after supercritical CO, drying
reveals the sheeted structure of the carbon in the monoliths. The fractured sample shown
in the bottom image of Figure 1.3 is representative of all samples examined. Higher

magnification using SEM did not provide additional information about the structure of
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Figure 1.3. SEM micrographs of a pyrolyzed disk cut from a bovine femur displaying a
polished surface which still displays the macroscopic structure of the hydroxyapatite
scaffold (top) and the remaining carbon after the hydroxyapatite has been removed
showing the loosely packed sheet-like structure of the carbon (bottom).
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the sheets. It is clear that the sheets are not densely stacked, but the thickness of an
individual sheet is too small to be determined by SEM. The natural conductivity of the
monoliths was sufficient to eliminate the need for application of a conductive coating on
the samples shown in Figure 1.3; therefore, some small artifactual charging effects may
exist.

Figure 1.4 provides much more information about the structure of the carbon in
the monoliths. It appears, based on these images, that the carbon is largely composed of
dispersed, graphitic sheets and that individual sheets are accessible to the solvent and
electrolyte. The TEM images of the carbon in the monoliths appear to be intermediate
between that of graphene and the amorphous carbon allotropes examined by Czigany and
Hultman [29]. Additional evidence for this similarity is seen in the selected area electron
diffraction (SAED) patterns shown in Figure 1.5. The low intensity of the peaks in the
pattern indicates that the ordering of the atoms in the monolith is relatively short range.
Despite the ordering being only short range, the peak in the SAED intensity profile at 1.2
A is associated with the C-C bond in graphene, and the peak at 2.3 A suggests that there
is only slight curvature of the carbon sheets in the material [29].

Structural Analysis by Raman Spectroscopy: = Raman spectroscopy is a

straightforward and information-rich means of characterizing the carbon in the monoliths
and comparing it to other forms of carbon. Figure 1.6 shows a comparison of the Raman
spectra of graphite, glassy carbon, activated carbon, and a representative sample of the
carbon monoliths prepared for this study. It is apparent that the spectra of the monolith

and that of the Darco KB-G activated carbon are quite similar.



Figure 1.4. TEM micrograph displaying the layered structure of the carbon contained
within the monoliths at two different magnification levels.

15
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Figure 1.5. The selected area electron diffraction pattern for the carbon monolith
material (top) accompanied by the associated intensity profile (bottom).
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Figure 1.6. The Raman spectra for various types of carbon: (a) carbon derived from
bovine bone described here, (b) commercial activated carbon, (c) glassy carbon, and (d)
graphite.
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To further analyze and compare the structure of the monoliths, as revealed
through Raman spectroscopy, | applied a fitting technique to the Raman spectra that has
become common for materials like these, as described in the experimental section.
Figure 1.7 shows that fitting the Raman spectrum using the five Lorentzian peaks
suggested by Sadezky et al. provides a close fit to the experimental data [28]. The fitted
spectrum for carbon monoliths agrees with the qualitative assessment that the monoliths
are similar to amorphous activated carbon. More detailed analysis of the fitting reveals
that the D1 and D3 bands exhibit a proportionately larger contribution to the overall
spectrum of the monolith than in other activated carbons [28]. An increase in the D1
band, which is assigned to the graphene-like edges in the disordered graphitic lattice, is
desired since it would logically result in a high surface area material with high electrical
conductivity. Upon comparison to activated carbon, the increase in the D3 band, which is
assigned to organic fragments and surface functional groups, could pose a problem. The
presence of these “contaminants” might be undesirable for EDLC applications if they
proved to be electrochemically active. However, the electrochemical performance of the
monoliths indicates that this is not the case.

Electrochemical Characterization: One might anticipate that electrochemical

measurements would reveal high specific capacitances since TEM and Raman
spectroscopy lead to the conclusion that the carbon monoliths appear to be composed of
networks of graphene-like carbon in which the individual sheets are likely accessible to
solvent and electrolyte,. Characterization of the material as electrodes in EDLC devices
demonstrates that this is the case. Cyclic voltammograms of the bone-derived carbon

monoliths in aqueous 2 M KNO3z and EMIBTI in a two-electrode configuration are
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Figure 1.7. The results of the fitting of the Raman spectra of the carbon monolith material
using five Lorentzian peaks, illustrating that the monolith is similar to other amorphous
carbons with the exception that the D1 and D3 bands contributions are proportionally
higher than in other amorphous carbon examples.
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shown in Figure 1.8 (top and bottom, respectively). These voltammograms display a
box-like shape that is characteristic of a series resistance-capacitor (RC) circuit. The fact
that no obvious features are present in the voltammograms indicates that effectively no
Faradaic processes are taking place within the potential range. The linear plots that result
when the charging current for cyclic voltammograms is plotted versus the scan rate, as
shown in Figure 1.9, reinforce this conclusion [6].
The chronocoulometric response to a potential step of representative samples of
the carbon monolith materials in aqueous and EMIBTI systems are shown in Figure 1.10
top and bottom, respectively. The plateau-like shape of the charge response again reveals
the capacitive nature of the system. The observation that the charge returns to effectively
zero upon application of the reverse potential step (AV = 0) indicates that the monoliths
have a very high coulombic efficiently in this EDLC configuration. The specific
capacitances of the carbon monoliths prepared under these conditions are 134 + 11 F/g
and 108 = 9 F/g in aqueous KNO3 and EMIBTI, respectively, at 95% confidence. The
specific capacitance values of other recently reported monoliths such as those by Taer, et
al. (138 F/g); Li, Xianyou, et al. (110 F/g); and Li, Probstle, and Fricke, are similar to
those observed for the monoliths prepared in this work [30-32]. The low density of this
material leads to a low volumetric capacitance of only 7 F/cm®, which is approximately
25% of the value reported recently for thick films of the carbide-derived carbon described
recently by Chmiola, et al. [33]. The values of specific capacitance listed above are
independent of the electrochemical experiment used to determine the capacitance: cyclic

voltammetry, chronocoulometry, chronoamperometry, or galvanostatic charging.
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Figure 1.8. Typical examples of the cyclic voltammograms of two-electrode devices in
aqueous KNOs solution (top) and EMIBTI (bottom) at 10 mV/s and 5 mV/s scan rates,
respectively, displaying the characteristic box like shape of an RC circuit.
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0.16

0.14

0.12

0.1

0.08

0.06

Device Capacitance (F)

0.04

0.02

0.12

0.1

0.08

0.06

0.04

Device Capacitance (F)

0.02

60

200

Time (s)

400

180
160
140
120
100
80
60
40
20

140

120

100

80

60

40

20

Specific Capacitance (F g%)

Specific Capacitance (F g1)

23

Figure 1.10. The chronocoulometric response of prototype EDLC devices composed of
bone derived carbon monoliths in aqueous KNO3 (top) and EMIBTI (bottom) to a 100
mV or 1 V potential step, respectively. The plateau-like shape demonstrates the
capacitive nature of the system. The charge depletion in response to the returns step
demonstrates the high coulombic efficiency of these devices.
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The procedure for calculating specific capacitance from the cyclic voltammetry

data is straightforward. By taking the derivative of the relationship Q = CV with respect
to time, where Q is charge, C is capacitance, and V is voltage, and assuming C is

constant, one is left with the result:

- (1.7)

dt dt

Recognizing that “Y/q = i (current) and that /g = v (scan rate) one can see that dividing
the constant charging current by the scan rate gives capacitance. For this work, the
charging current was taken as the average value over the middle 50% of the potential
window scanned. This averaging eliminated any errors associated with the current near
the switching potentials, which is influenced by the RC time constant of the system.

Chronocoulometric data actually came from the integrated chronoamperometric
response recorded by the potentiostat. The difference between a true chronocoulometry
experiment and a chronoamperometry experiment is that in true chronocoulometry the
charge passed in the system is measured by capacitors within the electronics of the
potentiostat. For all of my measurements the current response was recorded and the
signal was numerically integrated to get the charge response. By plotting the charge vs.
time resulting from the applied potential step, one can obtain the total charge directly
from the plateau, as demonstrated in Figure 1.10.

Calculation of the capacitance from the galvanostatic charge/discharge data was
done following the technical note published by Maxwell Technologies [34]. Figure 1.11
shows an example of the galvanostatic charge/discharge response of a typical capacitor
device in both aqueous (top) and ionic liquid (bottom) systems. The largely triangular

shape of the response is again indicative of the capacitive nature of the system.



25

0.3 -

0.25

o
N

0.15

Potential (V)

o
-

0.05

O T T

50
Time (s)

1.8 -
1.6 -
1.4 -
1.2 -

0.8 A
0.6 A
0.4 A

Potential (V)
(BN

O 1 I I I I 1
0 250 500 750 1000 1250 1500
Time (s)
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Curvature is indicative of a Faradaic process or a potential dependant capacitance. At
low electrolyte concentrations the capacitance of the double layer does show a potential
dependence, but for the experiments reported here the electrolyte concentration is high
enough that one would not expect to observe this behavior; therefore, curvature would
strongly suggest the presence of Faradaically active contaminants [35]. For the devices
used in my work the capacitance was calculated by finding a linear best fit of the
response for the latter 75% of the discharge cycles. The slope of this line corresponds to
V4 in Equation (1.7). Dividing the applied current by this number results in the value of
C for the system.

The slight vertical drop in the voltage, observed upon commencement of the
discharging process, corresponds to the potential drop caused by the resistance of the cell
(iR). Therefore, one can calculate the equivalent series resistance of the system by
dividing the potential drop at the onset of the discharge step by the applied current. The
value for iR in my work was taken as the difference between the maximum potential and
the potential calculated from the best fit equation employed above for the determination
of the capacitance, as demonstrated by the inset in Figure 1.11. Burke and Miller
reported that using this extrapolation method eliminates the underestimation of the
resistance, which can happen when the potential drop is taken as the first point measured
after switching from charging to discharging, as is commonly done in the literature [36].
The slight curvature between this initial drop and the eventual linear region is due to the
time dependent resistance observed for porous electrodes. The time dependence

disappears, and the response becomes linear, once the current is evenly distributed
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throughout the electrode. Farahmandi, and the team of Srinivasan and Weidner
independently reported mathematical models to describe this time dependence [37, 38].

The chronoamperometric response to a potential step offered another method to
determine the resistance of the prototype devices used in this work. A simple series RC
circuit, as described by the well-known equation (1.8), was used to model the current
response.

E _
j— = ptIRC
R

(1.8)

More specifically, the resistance was determined by applying a double potential step to a
two-electrode device with monoliths serving as both electrodes. Taking the natural
logarithm of equation (1.8) yields a linear transform in which the slope of a plot of In(i)
vs. —t is 1/RC. In practice, the plots of the actual current response data proved to be
slightly non-linear and concave upward, indicating that the effective RC time constant
was increasing slightly with time, as demonstrated in Figure 1.12. It was not surprising
that the simple series RC model did not fit the data at short times. It has been reported in
multiple sources that porous carbon based supercapacitors are well described by a
transmission line equivalent circuit model which contains a distribution of resistive and
capacitive elements. The original treatment of a porous electrode by this description was
reported by de Levie [39]. Later, Pell and Conway demonstrated that the principles
found in de Levie’s treatment could be applied to supercapacitor electrodes [40]. More
recently, as mentioned above, other mathematical treatments have led to similar
conclusions [37, 38]. The observed time dependant behavior is due to functional groups
on the edges of the carbon sheets, and to regions within the material that are not equally

accessible to solvent. Still, the simple RC model proved to be consistent with the other
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electrochemical characterizations when the currents used in the plots were between 90%
and 10% of the maximum values. Applying the simple RC model results in the estimated
resistances of the two-electrode devices to be 5 + 2 Q in aqueous KNO3 solution and 35 +
2 Q in EMIBTI. Similar values were found using the chronopotentiometry based method
discussed above. When aqueous electrolytes are used, it is not clear what proportion of
the nominal 5 Q resistance is due to the resistance of the monolith, and what proportions
are due to contact resistance and to the resistance of the electrolyte. Measurements in
three-electrode configurations suggest that most of the resistance in the aqueous system is
due to contact resistance and to the monoliths. The high resistance for the ionic liquid
system is clearly due to the higher specific resistance of EMIBTI.

The EMIBTI system was chosen for demonstrative purposes chiefly because ionic
liquids are promising candidates for electrolytes in future EDLCs. The difference
between the specific capacitance in water and in EMIBTI observed in this work is typical
of carbon-based supercapacitors and is indicative of the larger ion size, as well as
differences in double layer structure and accessible surface area in ionic-liquid-based
systems [41-44]. Even with the generally lower specific capacitance observed in ionic
liquid systems, these electrolytes offer the benefits of having large electrochemical
windows, very low vapor pressures, and high thermal stability, making them strong
candidates as components of high-energy supercapacitors capable of operating over a
wide range of temperatures. It has been estimated that there are in excess of 10° simple
ionic liquid salts. This means that if one considers binary combinations there are 10*2

ionic liquid electrolyte systems, and that number jumps to 10*® possible combinations if
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ternary systems are included. As such, the properties of these electrolyte systems could
be tailored to fit the specific application for which a device was being prepared [45, 46].

A consistent “engineering” challenge with these devices was how to minimize the
contact resistance without changing the results of the measurements. Multiple methods
were attempted to solve this problem before settling on the sandwiched electrode devices
employed for this work. Using silver filled epoxy to connect the electrodes to the end of
metal rods for three electrode measurements ultimately failed because the oxidation of
the silver in the epoxy interfered with the signal from the monolith itself. Carbon filled
epoxy eliminated the issue of contact oxidation but, as with silver epoxy, the deformation
of the carbon monoliths upon solvent evaporation in the absence of HA required that the
HA/carbon composite material be attached to the electrode before the HA was removed.
Once attached, the HA could be removed using EDTA solution, but the epoxy was not
stable in acidic solutions. These inconveniences were minor. The more problematic
issue with these three electrode systems was that it was not possible to directly measure
the mass of the carbon after it was attached to the electrode via epoxy. An attempt to
minimize the contact resistance in the sandwich cell by sputter coating or evaporating
gold onto one surface of the electrode also proved useless. The gold coating disappeared
upon removal of the HA. 1 ultimately decided that removing the HA and sandwiching the
electrodes as described in the experimental section was an expedient way to fully
characterize the utility of my devices as supercapacitors.

It has been argued that, when using a three-electrode cell, reversing the polarity of
the working electrode by cycling the potential through the point of zero charge may cause

the value calculated for the capacitance to be artificially high [47]. It is certainly true,
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and has been demonstrated by Khomenko et al., that in symmetric pseudocapacitors
based on conducting polymers a two electrode cell will demonstrate a lower capacitance
than a three-electrode configuration due to the lower charge storage capability of the
negative electrode in most conducting polymer systems [48]. The specific capacitances
measured for my carbon monoliths proved to be the same in three-electrode and two-
electrode cells. Most of the measurements reported herein were obtained in a two-
electrode configuration, but there was no scientific reason to do so in this case. The two-
electrode cell was used chiefly for its engineering merits. Constructing a device
prototype (with a capacitance of approximately 0.1 F) was accomplished with relative
ease.

A more sophisticated prototype device was constructed to demonstrate that scale-
up is possible with these monoliths. For this demonstration | prepared a cell similar to
those previously described. For this cell I used two gold plated copper pennies that had
been sanded flat on one side as current collectors. These pennies were attached to the
ends of two stainless steel rods with silver filled epoxy to provide an electrical contact.
Seven 6 mm x 1.5 mm monoliths were placed on the one current collector in a hexagonal
arrangement. A 19 mm circle of the glass microfiber prefilter separated these monoliths
from seven more monoliths which acted as active material for the second electrode. The
device was encased in 19 mm diameter Tygon tubing, which is nearly identical to the
diameter of a penny. The electrolyte was 2 M aqueous KNOjz. The CV and
chronopotentiometric response for this device are shown in Figure 1.13. The capacitance
of this device is 0.930 F. Previous devices composed of two monoliths exhibited

capacitance values of between 0.1 and 0.15 F. This device, prepared with seven times the
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Figure 1.13. The cyclic voltammetric (top) and chronopotentiometric (bottom) responses
of a larger scale EDLC device composed of 14 carbon monolith disks.
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active material, proved to have a capacitance approximately seven times higher than the
previous devices.

Another interesting observation based on the electrochemistry of these carbon
monoliths is that the removal of the HA is not essential to achieve relatively high
capacitance, as demonstrated in Figure 1.14. In this experiment a two-electrode device
was assembled using the procedure discussed above, with the exception that the HA was
not removed from the pyrolyzed composite material initially. Comparison of the CVs for
this device before and after HA removal showed that even without extraction of the HA
this device exhibited a capacitance of ca. 0.075 F. Upon removal of the HA, the
capacitance increased to approximately 0.10 F. Such a result could prove to be beneficial
for applications where mechanically strong, conductive, substrates with high surface area
are desired but high capacitance per unit mass (due to high specific capacitance) is not
critical.

Specific Surface Area and Its Relationship to Specific Capacitance: The carbon

monoliths prepared for this work exhibit a specific surface area of 1383 + 25 m?/g (95%
confidence) when measured by the BET method using nitrogen adsorption. Nitrogen
adsorption/desorption isotherms, shown in Figure 1.15, of the monoliths produced in this
work are a combination of the Type 1 and Type 4 classes, indicating the presence of both
micro and mesopores [49]. The double-layer capacitance per unit of surface area is
estimated to be approximately 10 puF/cm? since the measured specific capacitance in
water is 134 F/g. This value is in good agreement, possibly fortuitously so, with the
value of 10 pF/cm? estimated for basal plane graphite by Brown and Anson [50]. A

noteworthy review of carbon electrodes provides some additional context for this value;
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indicating that a large portion of the surface area of the conductive carbon is accessible to
solvent and electrolyte before the HA is removed.
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Figure 1.15. The nitrogen adsorption/desorption isotherm for a representative sample of
the carbon monolith materials indicating the presence of both micropores and mesopores.
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the specific capacitance of carbon is known to vary over a broad range from 1 pF/cm? for
basal plane graphite to >50 pF/cm? for edge plane pyrolytic graphite [51]. The
capacitance of approximately 10 pF/cm? serves as a lower limit to the actual value for the
monoliths. Although the BET method provides a rapid, relatively straightforward, and
commonly employed means of finding the specific surface areas for new materials, there
IS a consensus in the recent literature indicating that the nitrogen-based BET approach
overestimates the specific surface area for high surface area carbons containing
micropores. The carbon monoliths prepared as described above, exhibit specific surface
areas of 647 + 57 m?/g (95% confidence) when determined using the density functional
theory method (DFT), as shown in Figure 1.16. This value is significantly smaller than
that obtained using the BET treatment. The difference observed between the BET and
DFT characterizations is consistent with observations made by several other groups who
have characterized microporous carbon materials. In 1992, Kaneko and Ishii
demonstrated that for N(g) adsorption at carbon with pore widths less than 2 nm,
physisorption increases to enhance multilayer adsorption, which is ultimately limited by
pore space [52]. Ohba and Kaneko later showed that the standard isotherm for planar
graphitic systems is a poor model for adsorption at well-defined geometries of carbon
nanotubes [53]. In an extensive characterization of 34 different carbon microbeads and
fibers, Shi demonstrated that surface morphology plays an important role in determining
specific capacitance and that the specific surface areas determined by BET are much
higher than those made using the DFT method [54]. More recently, Stoeckli and Centeno
carefully characterized 21 different carbons and found that the BET method is accurate

only for carbons with average pore width of approximately 0.8 to 1.1 nm [55]. These
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authors concluded that specific surface areas for microporous activated carbons should be
determined using techniques more advanced that the simple BET method using N2(g)
adsorption.

It is important also to note that the relationship between specific surface area and
specific capacitance can be complicated for microporous materials. The cross sectional
areas of N»(g) and solvated electrolyte ions are different. This difference, in turn, means
that the surface area of the monolith accessible to the electrolyte is smaller than the
surface area accessible to N»(g). Recognizing these differences in cross sectional areas,
Largeot et al. examined the relationship between ion size and pore size as they relate to
specific capacitance. They concluded that the ideal pore width is nearly identical to the
diameter of the electrolyte ions [56]. Similar observations have been made by Barbieri et
al., who also noted that while increases in specific surface area above 1200 m?/g (by
DFT) have been demonstrated, they should be compensated by space limitations that
prevent corresponding increases in specific capacitance [57]. They also concluded that a
linear relationship between specific surface area and specific capacitance should no
longer be observed when the screening length and the pore wall thickness approach the
same length scale, and that specific capacitances greater than 80 F/g should be
increasingly difficult to achieve by merely increasing the specific surface area.

Influence of Pyrolysis Conditions: A full characterization of these monolith

materials was only carried out for the samples prepared as described in the experimental
section, but some preliminary screening experiments were performed to determine if the
preparation conditions led to differences in the capacitance and resistance of the resulting

carbon monoliths. Three sets of samples were prepared to examine the influence of
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preparation conditions. One group was heated to 800°C under vacuum. A second group
was heated under the conditions listed in the experimental section, and a third was heated
as listed in the experimental section but the maximum temperature was 1200°C rather
than 1000°C. It should be noted that the oil used in the vacuum pump for these
experiments contained a volatile contaminant, which caused the ultimate vacuum to be
between 150 and 300 mTorr rather than the 20 mTorr that was generally observed.
Therefore, the results discussed immediately below should only be compared to each
other and not to the samples discussed elsewhere. All of the electrochemical
measurements performed on these samples were done using a three-electrode cell in
which the monolith material was attached to a titanium rod with conductive carbon filled
epoxy. The HA was removed as before.

Table 1.1 summarizes the results of the comparison between different pyrolysis
conditions.  Specific capacitance values were not available, as the masses of the
monoliths could not be measured due to the method by which the electrodes were
fabricated. The bone was originally machined to the same dimensions in all cases and,
therefore, some preliminary comparisons between the values can be made. It appears as
though increasing the maximum temperature from 800°C to 1000°C leads to a decrease in
both capacitance and resistance. Commercially available supercapacitors have equivalent
series resistance values on the order of a few milliohms [58]. Despite the apparently
higher capacitance for samples prepared at a maximum temperature of 800°C, samples
prepared under these conditions were not pursued further because of their high resistance.
The rate at which a capacitor will charge and discharge is inversely proportional to the

resistance of the device. A high resistance will also result in a lower coulombic
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Table 1.1. A comparison of the capacitive properties of carbon monoliths pyrolyzed
using three different conditions. Errors are 95% confidence intervals. *1200°C contains
only 2 samples and the capacitance was determined by CV only. Further experiments
were not performed as the capacitance was 2 orders lower than previously seen, as
discussed in the text.

Conditions Average Capacitance Average Resistance
(F) (Ohms)
800°C 0.30+£0.05 34 +17
1000°C 0.218 + 0.006 91+14
1200°C* 0.00243 -
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efficiency for a capacitor because some energy input during charging is lost upon
conversion to heat; therefore minimizing the resistance is of practical importance.

It is interesting that the samples heated to 1200°C show very low capacitance
when compared to those prepared under other conditions. | also observed that after 5
days of etching in EDTA solution followed by electrochemical characterizations, the
electrodes were mechanically robust. This is in contrast to the normal monolith materials
which are easily crushed between one’s fingers. One plausible explanation for this
observation can be found in the literature. In 2000, Muralithran and Ramesh described
the influence of sintering temperature on the chemical and physical properties of HA.
They showed that sintering temperatures of 1200°C and above caused the density of
pellets pressed from HA powder to increase to a value nearly identical to that of pure HA
[59]. It is likely that the HA in the carbon/HA composites | prepared changed
morphology during the pyrolysis process. The increased density of the HA may have
slowed the EDTA leaching process which, in turn, decreased the accessible surface area
of the carbon and led to the lower observed capacitance. It is also possible that the
changing morphology of the HA influenced the morphology of the carbon phase.
Changes to the carbon could also result in lower observed capacitance. | did not pursue
the monoliths prepared at higher temperatures because | was interested in materials with
high capacitance. Further experimentation would be necessary to definitively determine
the source of the lower capacitance.

Mechanical Testing: To quantify the mechanical strength of the monolith

material | performed compressive testing measurements. Representative examples of the

stress/strain curves for both a monolith and a carbonized bone plug still containing the
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HA scaffold are shown in Figure 1.17. The shape of the curve for the monolith upon
decreasing the load indicates that the material progressively deforms upon compression
and is relatively inelastic. Table 1.2 summarizes the results of the 3 monoliths (without
HA) that were tested. For comparison, a carbonized bone sample exhibited a
compressive strength of 235 MPa, a value that is approximately 800 times larger than that
of the carbon monolith once the HA was removed. The HA scaffold predictably provides

a great deal of strength to the material.

Modification Attempts: A significant attraction of a material with a high specific
surface area and a large void volume, such as the one | have described above, is its
potential for modification. If the surface of a conductive substrate is modified with an
electroactive material, a pseudocapacitor can be produced. A pseudocapacitor differs
from a capacitor by its the mechanism of charge storage. In a capacitor the charge
storage is based on non-Faradaic, electrostatic charge separation. In contrast, a
pseudocapacitor stores charge through Faradaic electron transfer reactions with species
on an electrode surface. It has been demonstrated that pseudocapacitor devices
composed of electrodes modified with conducting polymers, like polyaniline, or metal
oxides, like nickel hydroxide, can result in specific capacitance values an order of
magnitude higher than the native double layer devices [60, 61].

The attempts to modify the carbon monoliths presented in this work were largely
unsuccessful. I believe the major reasons for this lack of success were associated with
engineering challenges coupled with the resistance of the monoliths. Attempts to deposit
conducting polymers, such as polyaniline, polypyrrole, and

poly(propylenedioxythiophene) via cyclic voltammetry resulted in highly resistive
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Figure 1.17. Representative stress/strain curves for a 6 mm x 12 mm carbon monolith rod
(top) and a rod after pyrolysis but before the HA has been removed (bottom).



Table 1.2. Summary of the compressive testing data for carbon monolith samples.

Sample Maximum Load Compressive
(N) Strength

(MPa)

1 5.1 0.23

2 6.2 0.29

3 7.9 0.36

Average 6.4 0.29
Standard Deviation 1.4 0.07
95% Confidence Limit +3.5 +0.16
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electrodes with low charge storage capacity. A major reason for this result could be the
instability of the conductive epoxy contacts in the deposition solutions used. The
resistance of the monolith required the use of slow scan rates for the potential sweeps.
These slow scan rates left the electrode in solution for several hours while the depositions
were performed. Over this time the contacts may have weakened to produce a significant
increase in resistance, if not a complete separation of the carbon material from the
electrode.

Two procedures | examined showed results consistent with polymer formation
inside the bulk of the carbon monolith. One of these was a homogeneous chemical
polymerization of pyrrole using Fe® as an initiator. For this procedure an electrode was
attached to a gold plated stainless steel rod using conductive carbon filled epoxy. The
epoxy was cured at 80°C for 4 hours. The rod, with the carbon attached, was then
inserted into a length of Tygon tubing leaving the surface of the carbon monolith flush
the opening of the tubing. The gap between the monolith and the tubing was then sealed
with the same insulating epoxy (Hardman Double Bubble) used to seal the devices
prepared above. This construction prevented solvent from efficiently reaching the
metal/carbon epoxy interface, which was typically where failure occurred previously.
The HA was removed as described above and the remaining EDTA removed by soaking
the electrode in water. The electrode was then moved into a 700 mM pyrrole, 1 M
tetrabutylammonium hexafluorophosphate (TBAPFg) solution in acetonitrile and left to
soak for approximately 3 hours. Upon observing that the electrode appeared to be intact
the electrode was transferred into an acetonitrile solution containing 1 M TBAPF¢ and ca.

100 mM FeCls, but no pyrrole monomer. The chemical polymerization was performed in
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monomer free solution to increase the propensity of the polymer to form inside the
monolith. The electrode was soaked in this solution for approximately 3 hours and then
transferred to an electrolyte solution containing only 1 M TBAPF in acetonitrile. The
resulting cyclic voltammogram is shown in Figure 1.18. Peaks in the voltammogram at
approximately 0.25 and 0 V indicate that some conducting polymer was present in the
electrode. Further electrochemical characterization of this composite material was not
possible because of mechanical failure that occurred upon repeated cycling.

Positive preliminary results were also achieved using a second method of
polymerization. For this method, an electrode was prepared the same way as described
above and it was placed into a 1.0 M TBAPFg electrolyte solution. While in this solution,
the electrode was subjected to 10 consecutive 1 mA galvanostatic pulses, which were 30
seconds in duration, to polymerize pyrrole inside the monolith. After these pulses cyclic
voltammetry was used to characterize the composite in an acetonitrile solution containing
1.0 M TBAPFs. The results of this experiment are shown in Figure 1.19. Again the
results show peaks that indicate polymer has grown in the electrode and that there is a
significant increase in the apparent capacitance of the pseudocapacitor.

The peak currents at approximately 0.1 V in the voltammograms shown in
Figures 1.18 and 1.19 correspond to the reduction of polypyrrole [62]. In Figure 1.18 the
peak current for the chemically prepared polymer decreases with each cycle. In contrast,
the peak current in Figure 1.19 increases with each cycle. The reason for these
contrasting results is not clear. A plausible explanation is that some monomer remained
trapped in the electrochemically prepared monolith/polymer composite and that cycling

the electrode resulted in further polymerization inside the monolith. Regardless of the
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Figure 1.18. Cyclic voltammogram of a carbon monolith containing polypyrrole prepared
via chemical oxidation with Fe*" in a solution of 1 M TBAPF; at a scan rate of 1 mV/s.
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Figure 1.19. Cyclic voltammogram of a carbon monolith containing polypyrrole
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reason for the difference in the signals for the two cases, | have demonstrated that
modification of these monoliths with conducting polymers is possible.  Further
experimentation is necessary to determine the optimal conditions for this type of
modification.

Conclusions: Pyrolysis of machined bovine bone leads to conductive carbon
interwoven within the HA scaffold native to the original bone. This HA framework
prevents the collapse of the carbon to dense forms during pyrolysis. Upon removal of the
HA scaffold after pyrolysis, a monolith that preserves the macroscopic form of the
original bone remains. The resulting carbon monolith contains graphene-like sheets that
are loosely packed, leading to a structure that is both high in surface area and conductive.
These monoliths were tested as the active material in supercapacitor devices and display
a specific capacitance of 134 + 11 F/g and 108 £ 9 F/g in agueous KNO3; and EMIBTI,
respectively.

The fabrication of prototype devices for this work demonstrates a novel cell
design for testing supercapacitor materials. The 6 mm diameter bone disks used in this
work had been previously used in Professor Redepenning’s research group and
fortuitously allowed for the fabrication of a cell, as described in the experimental section,
using readily available supplies which many laboratories have on hand [25]. Even if the
necessary items must be purchased, the costs associated with this design are minimal,
which makes the design well-suited for characterizing future generations of this class of
electrode materials. Capacitor device prototypes of approximately 0.1 F and 0.9 F were

demonstrated with relative ease.
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The specific surface area of the monolith material is high. However, consistent
with observations made by other groups on microporous carbons, the BET method using
N2(g) appears to overestimate the specific surface area of the monoliths and the surface
area accessible to electrolyte ions.

It was demonstrated that a large portion of the surface area of the conductive
carbon is accessible to solvent and electrolyte even without the removal of the HA
scaffold. Such materials may be useful in applications requiring electrodes with high
mechanical strength and high surface area (of the conducting phase) but lower
capacitance per unit mass. The mechanical strength of the carbon monoliths is relatively
low, as may be expected for most materials with very high void volumes and low
densities. The compressive strength of the carbonized bone before removing the HA is
approximately 800 times larger than the carbon monoliths produced upon removing the
HA.

A small screening study showed that the pyrolysis conditions can have a
significant effect on the electrochemical characteristics of the monoliths. It is also
apparent that at pyrolysis temperatures above 1200°C, structural changes to the
hydroxyapatite and/or carbon lower the accessible surface area of the monolith which
results in a significantly lower capacitance.

Attempts to modify the monoliths with conducting polymers were met with
limited success. Two polymerization techniques, one using chemical polymerization and
one using galvanostatic polymerization, led to electrochemical results consistent with the
behavior of carbon/conducting polymer composite materials. In both cases the electrode

design limited the ability to fully characterize the composite. Future attempts to modify
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the monolith materials must start with developing an improved method of electrode

fabrication.
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Chapter Two
The Qualitative Electrochemical Analysis of Triacetone Triperoxide
Introduction

Many chemists are aware of the auto-oxidation that results in explosive peroxide
formation from common ethers, such as diethyl ether and tetrahydrofuran. These
explosive peroxides are a common concern in chemical laboratories. A frequently cited
reference by Jackson et al. provides an extensive list of compounds that auto-oxidize to
form dangerous and explosive peroxides [1]. Mirafzal and Baumgarten, prompted by
incidents of explosions in teaching laboratories, found that low levels of peroxides can be
found in old bottles of primary and secondary alcohols, such as 1-butanol and 2-propanol
[2]. The peroxides formed in these containers through the auto-oxidation of the solvents
with air, and most organic peroxides for that matter, can be shock, heat, and friction
sensitive [3].

When one considers the prevalence of these auto-oxidation reactions, it is not
surprising that there are a large number of reported methods for determining the presence
of peroxides both qualitatively and quantitatively. The most commonly employed
methods use commercially available “dip strips” or titrations [4]. Generally, the
procedure for the titrations is to add a known amount of reagent to the sample being
tested and then titrate the resulting oxidized product to determine the peroxide
concentration. The most widely used reagent for these titrations is iodide. Upon reaction
with many peroxides, iodide oxidizes to iodine. The iodine can then be titrated with

thiosulfate to determine the concentration of peroxide in the original sample [5].
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Despite the potential explosion hazards, organic peroxides are often put to good
use. In fact, organic peroxides are used in many procedures, including polymerizations
[6], epoxidation reactions [7, 8], and sulfide oxidations [9, 10], to name a few. One
particular class of peroxides that has received significant recent attention is the cyclic
ketone peroxides. The synthesis of this class of peroxides is straightforward, and many
examples exist in the literature. All of these examples are explosive [11-14]. Of
particular interest IS the peroxide 3,3,6,6,9,9-hexamethyl-1,2,4,5,7,8-
hexaoxacyclononane, more commonly referred to as triacetone triperoxide, or TATP.
The chemical structure of TATP is shown in Figure 1.1. This compound was first
reported by Wolffenstein in 1895, and reported again in a cautionary paper by Mavrodi in
1949 [15, 16]. The principle danger of TATP is its explosive velocity, which is 83% of
trinitrotoluene’s (TNT), coupled with its high sensitivity to explosive initiation [17].

Since its discovery, TATP has been noted as an unwanted, and potentially
dangerous, byproduct in commercial processes [18, 19]. The baked goods industry, for
example, uses linear acetone peroxides as bleaching agents in flour [20]. Contamination
with TATP in this application is dangerous because the flour is hammer milled after
addition of the peroxide, and TATP is sensitive to shock.

The use of TATP for legal civilian and military purposes has been investigated to
some extent. Two important examples are its possible use in military explosives and as
fuel additives [21-24]. It has been known since the 1940s that TATP is not useful as a
primary explosive, or as a component of explosive primers, due to its extremely sensitive
nature [22]. The high vapor pressure of TATP also results in the loss of the compound

via sublimation, further limiting its utility in military applications [25].
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O

Figure 2.1. The chemical structure of 3,3,6,6,9,9-hexamethyl-1,2,4,5,7,8-
hexaoxacyclononane, which is more commonly referred to as triacetone triperoxide, or
TATP.
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As a fuel additive, TATP was found to decrease the ignition delay in diesel fueled
engines regardless of the solution composition [21, 26]. It is not clear why experiments
involving these additives seem to have ended prior to World War Il, but one might
speculate that the use of cyclic peroxides was deemed too dangerous for many
applications because of its shock sensitivity.

Regardless of the past attempts to utilize TATP for legal purposes, the peroxide’s
use in today’s society is often nefarious, as demonstrated by Richard Reid (the “shoe
bomber”) in 2001 and the coordinated attacks on the London mass transit system in 2005
[27, 28]. TATP is attractive to terrorists because, like many ketone peroxides, it is an
easily synthesized and powerful explosive [11-14]. TATP is particularly dangerous
because the components for its synthesis are readily available and it can be difficult to
detect.

Matyas et al. examined the influence of synthetic conditions on product
distributions, as well as the stability of the product mixtures, for so-called TATP
syntheses [29-31]. They found that many inorganic acids can be used to catalyze the
formation of TATP, and the product composition was not affected by the type of acid,
provided the molar ratio of catalyst to acetone was <0.5 [29]. Interestingly, they did find
that the type of acid used for catalysis can influence the thermal stability of the product
[31]. The researchers noted that TATP produced using a hydrochloric acid catalyst
demonstrated the same thermal properties as “pure” TATP, as obtained via
recrystallization. TATP synthesized using nitric, perchloric or sulfuric acid catalysts
exhibited thermal properties different from those of the pure sample. They proposed that

residual acid in the TATP crystals was likely responsible for this result. The authors
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determined the amount of residual acid via titration of a methanol solution of the TATP
product from each reaction with tetrabutylammonium hydroxide. Even inexperienced
“chemists” are capable of synthesizing large quantities of TATP with relative ease,
because the reaction conditions are relatively unimportant to the product composition,

One important consideration when TATP is found by law enforcement is how to
efficiently destroy it. A common method for the disposal of an improvised explosive
device (IED) is referred to as “blow in place”, which simply means detonating the device
where it is. The “blow in place” procedure minimizes the risks associated with handling
and transporting sensitive explosives. TATP is often found in densely populated areas
where in place detonation may not be an option because of risks to civilians in the
surrounding area. In these cases, an efficient method to destroy TATP without
detonation would be preferred [32].

Despite the presence of three peroxide groups in its nine membered ring, TATP is
only slowly reduced under a wide variety of conditions. This can make its chemical
destruction difficult. For example, in 1949 Criegee and Schnorrenberg demonstrated that
the use of the iodometric titration method discussed above to determine the peroxide
content of a TATP solution was not possible because TATP does not react with iodide.
The authors reported that this was due to steric effects, allowing the peroxide groups to
be protected [11]. In 1999 Bellamy showed that toluene solutions of TATP are relatively
safe to handle. He also demonstrated that when toluene solutions of TATP are added to
boiling solutions of tin(Il) chloride in methanol or ethanol, the TATP is destroyed in
under 2 hours [33]. Oxley et al. expanded upon this work while searching for a

“cocktail” that could be sprayed onto solid TATP in order to destroy it. They determined
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that ZnSQO,4 or CuCl; in combination with KMnQO,4, NH,NH,, Kl, or NaBr in a sulfuric
acid solution destroyed TATP, but only after 5-8 hours. The researchers noted that the
application of concentrated mineral acids (e. g., methanesulfonic acid, sulfuric acid and
nitric acid) resulted in the complete destruction of 5 mg of TATP in 15 minutes, however,
the application of these concentrated mineral acids to 1 g of TATP was exothermic
enough to initiate detonation [32].

TATP is a nondescript white powder that generally looks like powdered sugar;
therefore, it cannot be identified visually. In many cases, methods employed to detect
explosives are based on the chemistry of nitrogen-containing functional groups [34]. The
detection of TATP by these methods is not possible, because TATP does not contain any
nitrogen atoms. Hard ionization mass spectral methods are generally not useful for the
detection of TATP, because the molecular ion does not appear in the spectrum and the
masses of the fragments are not specific to TATP [35]. Despite these challenges, many
methods have been reported for the detection of TATP, including luminescence [36-38],
soft ionization mass spectrometry [39-42], and infrared spectroscopy [43-45]. Currently,
methods based on electronic nose technology appear to have the best combination of
sensitivity and ease of field use, but these systems can be cost prohibitive [46].
Electrochemical sensors have also been demonstrated as useful methods for the detection
of organic peroxide explosives [47-50].

Some of the benefits of simple electrochemical sensors are that they can be
sensitive and inexpensive to produce. A significant challenge in the field of
electrochemical sensors is selectivity. When one searches through a table of standard

reduction potentials, it is worth noting that at the extremes are the follwing reactions [51]:
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F, + 2H* + 2e” © 2HF E°= 3053V (2.1)
Lit+e” & Li E°= —3.04V (2.2)
Noting this allows one to surmise that essentially every compound or element, known and
unknown, will undergo redox processes within this 6.1 V range. It is unlikely that a
compound or element can be identified by knowing only the potential at which it oxidizes
or reduces. For example, the standard potential for both the reduction of ferrocenium to
ferrocene and the reduction of Tc®* to Tc is 0.400 V [51]. Ferrocenium and Tc?* are two
distinctly different species, but if one knows only the voltage at which they reduce and
has no other knowledge of the chemistry of the system, these species would be
indistinguishable from each other. As such, other chemistry must be involved in the
development of electrochemical sensors to make them selective enough to be useful in
the detection of specific compounds.

Most of the electrochemical sensors developed for the detection of TATP are
based on blood glucose sensor systems that were originally designed to detect the
hydrogen peroxide that results from the oxidation of glucose by glucose oxidase. In 1989
Gorton and Jonsson reported an electrochemical sensor for hydrogen peroxide that
employed adsorbed horseradish peroxidase (HRP) on graphite electrodes as a transducer
[52]. Immobilizing the enzyme onto the electrode surface alleviated the kinetically slow
electron transfer between metalloproteins and electrodes, as previously reported by Frew
et al.,, and allowed for the catalytic reduction of hydrogen peroxide at the modified
electrode [53]. Gorton and Jonssen noted that the electrode lost around 40% of its

activity with repeated potential cycling. They attributed this observation to protein
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degradation rather than protein desorption because the decreased activity was a function
of voltammetric cycle number, regardless of the cycle rate [54].

The mechanism for hydrogen peroxide reduction by HRP involves the iron
porphyrin unit that is located within the active site of this enzyme [55]. Several examples
have been reported that use an iron based “artificial peroxidase” as the redox catalyst.
Prussian Blue (PB) modified electrodes, originally employed by Karyakin in 1994 for the
detection of the hydrogen peroxide created via glucose oxidation [56], were later
employed for detection of hydrogen peroxide generated by the degradation of TATP [48,
49]. In these incarnations, dissolution of solid TATP was followed by treatment with
acid, UV irradiation, or laser irradiation to produce hydrogen peroxide or other
hydroperoxides. These peroxides were reduced at the PB modified electrode at low
potentials (0 V vs. SCE) with detection limits of 55 nM, 250 nM, and 50 nM, for acid,
UV, and laser treatment, respectively [48, 49].

Another example of an electrochemical sensor with a reported ability to detect
TATP is based on the catalytic reduction of hydrogen peroxide using the iron(ll,111)
ethylenediaminetetraacetic acid (FeEEDTA) complex as an electron transfer mediator [57].
For this sensor, TATP solutions were treated with acid and then mixed with an FeEEDTA
solution. When the potential of an electrode that was placed into the solution was swept
in the negative direction, a catalytic current resulted from the following reactions,

Fe(lIINEDTA+ e~ & Fe(II)EDTA (2.3)

Fe(II)EDTA+ H,0, - OH™ + OH + Fe(lII)EDTA (2.4)

The magnitude of the catalytic current was dependent on the concentration of the
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hydrogen peroxide. Using this sensor, the authors were able to achieve a limit of
detection of 890 nM [57].

A set of significant challenges confronts the detection of TATP by any
electrochemical scheme. These challenges include the insolubility of this molecule in
water and the difficulty presented by the Kkinetically slow reduction of the peroxide. In
the currently reported incarnations of electrochemical sensors for TATP, breaking down
the TATP under harsh conditions and then detecting the resulting hydroperoxides in
aqueous solution eliminates both problems. Many sensors originally developed for
hydrogen peroxide detection could be used to detect TATP via its degradation products.

Though it has been noted many times that the direct reduction of TATP at an
electrode surface occurs at very negative potentials due to slow kinetics, to the best of my
knowledge the actual voltammograms do not appear in the literature [48, 49, 57, 58]. In
this chapter | show the results of the direct electrochemistry of TATP in acetonitrile
solutions. Analysis of the electrochemistry of the TATP alone may help direct future
research into electrochemical sensors for this peroxide.

After analyzing the direct electrochemistry of TATP in nonaqueous solutions, one
might conclude that a logical step toward a working sensor would be to search for
compounds capable of catalytically reducing TATP at less negative potentials. Many
compounds were tested for catalytic reactivity with TATP as part of the work presented
in this chapter. Of the compounds that were tested, only the reduction products of tris-(2-
2’bipyridine) ruthenium(11) (Ru(bpy)s®"), which were produced via reduction of
Ru(bpy)s>* at an electrode surface, showed a significant catalytic response upon direct

reaction with TATP.
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Using Ru(bpy)s”* as part of a scheme for detecting TATP has been demonstrated
in the literature [59]. The work presented by Shaw and Calhoun makes use of the
electrogenerated chemiluminescence (ECL) of Ru(bpy)s™*. The authors’ detection
scheme worked by analyzing the quenching of the luminescence normally produced by a
double potential step that results in the following reactions,

Negative Step: Ru(bpy);"" + e~ & Ru(bpy)s™" (2.5)

Positive Step: Ru(bp}r:]EH —e” & Ru[bp}rj33+ (2.6)
The combination of Ru(bpy)s™* with Ru(bpy)s** results in this reaction sequence,

Ru(bpy);™* + Ru(bpy);** & Ru(bpy);*™ + Ru(bpy), > (2.7)

Ru(bpy);*™ — Ru(bpy);™* + hv (2.8)
which occurs near the electrode surface. When TATP is included in the solution the
general reaction

Ru(bpy),'™ + TATP — Ru(bpy),”" + products (2.9)
results in a quenching of the ECL, as given in equation (2.8), because it consumes the
Ru(bpy)s** necessary for the production of the excited state molecule, Ru(bpy)s*™, in
equation (2.7). Using this scheme, the authors achieved a detection limit of 10 nM [59].

In this chapter | qualitatively study the direct electrochemistry of TATP at bare
electrode surfaces. | also describe the search for catalytically active electron transfer
mediators and show the electrochemical responses of the prospective mediator
compounds in the presence and absence of TATP.

Experimental
Chemicals: Acetonitrile (extra dry, Acros Organics, Morris Plains, NJ), N,N-

dimethylformamide (extra dry, Acros Organics, Morris Plains, NJ), dimethylsulfoxide
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(anhydrous, Sigma-Aldrich, St. Louis, MO), tetrabutylammonium hexafluorophosphate
(TBAPFg, electrochemical grade, Sigma-Aldrich, St. Louis, MO), acetone (ACS reagent,
Sigma-Aldrich, St. Louis, MO), 30% aqueous hydrogen peroxide (Fisher, Waltham,
MA), hydrochloric acid (trace metal grade, Fluka, St. Louis, MO), 5,10,15,20-
tetraphenyl-21H,23H-porphine iron(l1l) chloride (TPPFe, Sigma-Aldrich, St. Louis,
MO), hexaammineruthenium (I11) chloride (Strem Chemicals Inc., Newburyport, MA),
fullerene-Cgo (Sigma-Aldrich, St. Louis, MO), ferrous chloride (anhydrous, Sigma-
Aldrich, St. Louis, MO), Nafion (5 wt% solutions in lower aliphatic alcohols and water,
Sigma-Aldrich, St. Louis, MO), stannic chloride pentahydrate (SnCl;-5H,0, J.T. Baker
Chemical Company, Phillipsburg, NJ), ferric chloride hexahydrate (certified ACS, Fisher,
Waltham, MA), and deuterated solvents for NMR analyses (Cambridge Isotopes,
Andover, MA) were all purchased from their respective suppliers and used as received.
Methyl viologen diiodide had been previously prepared in Professor Jody Redepenning’s
laboratory and was used without further purification. Porphyrin complexes including the
2,3,7,8,12,13,17,18-octafluoro-5,10,15,20-tetraphenylporphyrin  (FsTPP) complexes of
cobalt and  rhodium, the  2,3,7,8,12,13,17,18-octafluoro-5,10,15,20-tetrakis-
(pentafluorophenyl)porphyrin (F,sTPP) complex of rhodium, and the iron complex of
5,10,15,20-tetrakis(pentafluorophenyl)porphyrin  (F»oTPP) were donated by the
laboratory of Professor Stephen Dimagno (Department of Chemistry, University of
Nebraska, Lincoln, NE) and had been prepared using their previously reported
procedures [60, 61]. The iron and rhodium porphyrin complexes were obtained as the

chloride salts.
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TATP Synthesis: TATP was synthesized by mixing acetone that was chilled to

0°C (typically 1.1 g) with excess hydrogen peroxide (30% aqueous solution, chilled to
0°C, typically, 2.3 g). The peroxide solution contained a catalytic amount of
hydrochloric acid (typically, 1 drop of concentrated HCI from a disposable pipette). The
mixture was stirred at room temperature overnight. The product, which was a white
solid, was collected via vacuum filtration and washed with deionized water until the pH
of the wash solution was neutral. The TATP was dried by allowing the solid to remain in
the vacuum filter with flowing air for approximately 1 hour before collection. The
identity of the product was verified via NMR. The NMR spectrum of TATP shows only
a singlet with a chemical shift of 1.41 ppm in deuterated acetonitrile [62]. It should be
noted that the risk of unintentional explosive initiation increases with increasing mass of
the TATP sample [63]. All syntheses were performed to provide approximately 100-200
mg of TATP. The peroxide is shock, static, and friction sensitive and was stored in vials
covered with Parafilm to avoid unnecessary initiation hazards.

Electrochemical Measurements: Measurements were made using a CHI 760C

potentiostat/galvanostat (Austin, TX). Glassy carbon, platinum, and gold working
electrodes were polished with 50 nm alumina, rinsed with deionized water, and allowed
to dry before use. A silver wire pseudo-reference electrode and platinum counter
electrode were used in all electrochemical cells. The ferrocene/ferrocenium couple was
used as an internal reference in some cases. The voltammetric waves associated with
ferrocene interfered with the voltammetric waves corresponding to the reduction products
of TATP; therefore, the internal reference was left out of many solutions. The reference

will be explicitly stated wherever potentials are reported.



68

Bulk Electrolysis: Bulk electrolysis experiments were performed using a

Princeton Applied Research 273A potentiostat/galvanostat (Oak Ridge, TN). A three
compartment cell separated by fine glass frits was used for electrolysis experiments. One
compartment contained a platinum foil counter electrode. The center compartment
contained a silver wire pseudoreference. These two compartments were filled only with
supporting electrolyte solution, 100 mM TBAPFg in acetonitrile. The third compartment
contained the same electrolyte solution and TATP. The electrolysis was performed
inside a nitrogen atmosphere glove box at -1.7 V vs. Ag wire using a 4 mm glassy carbon
working electrode. The progress of the electrolysis was monitored periodically via cyclic
voltammetry at the same electrode.

Digital Simulations: Digital simulations of cyclic voltammetric results were

performed using Digisim version 3.03b (BASI, West Lafayette, IN). The Digisim fitting
algorithm is based on the implicit finite difference method developed by Feldburg,
Goldstein, Mocak, and Rudolph [64-68]. The software can adjust the parameters:
standard potential (E°), transfer coefficient (o), heterogeneous rate constant (Ko),
homogeneous reaction equilibrium constant (Keq), homogeneous reaction rate constant
(ks), and diffusion coefficient (D), to fit experimental cyclic voltammograms. Background
currents were subtracted from all the voltammograms used for digital simulations by
subtracting the voltammetric signal obtained at the same electrode in an acetonitrile
solution of 100 mM TBAPF that did not contain TATP.

Catalytic Reduction: The search for catalytic reducing agents for TATP was

performed on a screening basis in which solution concentrations were qualitatively

controlled. Generally, a solution of the potential catalytic reducing agent was made at
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approximately 1 mM. The cyclic voltammogram of this solution was recorded. Then, an
approximate 10-fold, or greater, excess of TATP was added to the solution and the
voltammogram was recorded again. Specific information about the solutions is given in
the results and discussion section.

Nafion Electrodes: Nafion coated electrodes were prepared using a 5% Nafion

solution in a mixture of alcohols and water. The electrodes were prepared in two ways.
Drop coating was done by using a disposable pipette to deposit 1-2 drops of the Nafion
solution onto the electrode surface. The solution was spread out to cover the entire metal
surface and then the electrode was allowed to dry in an oven at 40 °C for at least 5 hours
before use. Spin coating was done using an analytical rotator designed for rotating
electrode electrochemical experiments. For spin coating, the Nafion solution was placed
onto an inverted rotating disk electrode and the film was cast by rotating at 1200 rpm for
30 seconds and dried as described above.

Tris-(2-2’bipyridine) ruthenium (II) hexafluorophosphate preparation: Tris-(2-

2’bipyridine) ruthenium (I1) dichloride (Sigma-Aldrich, St. Louis, MO) was converted to
the hexafluorophosphate salt before use. An aqueous solution of a 10 fold excess of
ammonium hexafluorophosphate (EIf Atochem, Philadelphia, PA) was added to an
aqueous solution of tris-(2-2’bipyridine) ruthenium (II) dichloride.  The orange
precipitate was collected via vacuum filtration and washed with deionized water. The
product was recrystallized from an acetone solution by slow evaporation of diethyl ether.
The resulting crystals were collected via vacuum filtration, washed with diethyl ether and

allowed to dry before use.
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Results and Discussion

TATP Electrochemistry, Position of the Reduction Wave: A relatively large

potential must be applied to an electrode surface to reduce TATP. The cyclic
voltammogram of 3.9 mM TATP in acetonitrile containing 100 mM TBAPFs as the
supporting electrolyte is shown in Figure 2.2. The reduction of TATP occurred at
potentials more than 2 V negative of the E;/, of ferrocene in the same solution. Evidence
presented in the literature may help to explain why a compound with three peroxide
moieties is so resistant to reduction. In 1960 Kuta and Quackenbush polarographically
determined the Ej, of 23 peroxide compounds. They found that, generally, as the
functional groups surrounding the peroxide moiety changed from electron withdrawing to
electron donating the polarographic reduction wave shifted to increasingly negative
values [69]. A similar trend has been reported by others [70]. Simple electrostatic
arguments validate this observation. As the electron density in the oxygen-oxygen bond
increases, it becomes less favorable to add additional electrons through reduction [69].
Maciel et al., using computational methods, provided even more support for this
explanation when they showed that for x-butyl hydroperoxide (x = n, sec, tert, iso) the
bond length of the peroxide moiety decreased from 1.460 A to 1.449 A when the alkyl
group was changed from n-butyl to tert-butyl or sec-butyl, indicating an increase in the
electron density of the peroxide bond [71]. A similar bond shortening was calculated
when the alkyl moiety was changed from n-propyl to iso-propyl [71].

It should be noted that the Ej;, values reported by Kuta and Quackenbush
mentioned above, and all E;;, values for irreversible electron transfer reactions, are not

thermodynamic values. The Ey, values observed for irreversible electron transfer
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Figure 2.2. Cyclic voltammograms of 3.9 mM TATP with 100 mM TBAPF¢ in
acetonitrile collected at three different electrode types, Au (2 mm), Pt (2 mm), and glassy
carbon (1.6 mm) at 100 mV/s. A silver wire pseudoreference and platinum wire counter
electrode were use in the cell. The potential axis has been corrected to the ferrocene
internal standard.
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reactions can be influenced by the kinetics of the electron transfer, as well as the kinetics
of subsequent reactions [72]. The influence of following reactions was demonstrated by
the report that for the small set of structurally similar hydroperoxides: hydrogen peroxide,
methyl hydroperoxide, ethyl hydroperoxide, isopropyl hydroperoxide, and tert-butyl
hydroperoxide, the Ej;, values in aqueous solution shifted in the positive direction with
values of -0.866 V, -0.791 V, -0.444 V, -0.350 V, and -0.330 V (vs. SCE), respectively
[70]. Increasing adsorption of the reduction products, which are generally alcohols, as
the alkyl chain length increases is the generally accepted explanation for this trend [70].

Ultimately, electrostatic arguments suggest that the electron donating isopropyl
moieties in the TATP molecule may shift the Ej», to more negative values than the
thermodynamic E° for the compound. As discussed below, the reduction products of
TATP may adsorb to the electrode surface, and, as mentioned above, adsorption may
result in a positive shift in Ey,. The experiment that demonstrated a positive shift in E1/
for the alkyl hydroperoxide series discussed in the previous paragraph was carried out in
aqueous solution [70]. The voltammetric reduction of TATP, shown in Figure 2.2, took
place in nonaqueous, aprotic media so there were no solvent protons available to form
alcohols in the TATP reduction experiment. Therefore, the reaction mechanism for the
reduction of TATP was different than the mechanism for the reduction of the alkyl
hydroperoxides and these two experiments are not directly comparable.

Further evidence that the medium affects the mechanism for the reduction of
peroxides comes from the cyclic voltammograms shown in Figure 2.3. In this
experiment the cyclic voltammograms of phenol (30 mM), TATP (6 mM), and phenol

with TATP (52 mM and 6 mM, respectively) were recorded in an acetonitrile solution
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Figure 2.3. The cyclic voltammograms of TATP, phenol, and a mixture of the two
chemicals. Each voltammogram was collected using a 1.6 mm glassy carbon electrode
with a silver wire pseudoreference and a platinum counter electrode at a scan rate of 100
mV/s The initial potential was -0.5 V and initial sweep direction was negative. The
potential axis has been corrected to the ferrocene internal reference. The concentrations
are as follows: Phenol alone, 30 mM; TATP alone, 6 mM; TATP with phenol, 6 mM and
52 mM respectively. The supporting electrolyte in all cases was 100 mM TBAPF; in
acetonitrile.
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containing 100 mM TBAPF as supporting electrolyte. The reduction wave for TATP
shifted in the positive direction in the presence of phenol. The change in the shape of the
reduction wave for TATP, and the appearance of a small peak near the ferrocene wave in
the presence of phenol, indicated that the mechanism and products of the reduction of
TATP in the presence of phenol differed from the mechanism and products of the
reduction of either TATP or phenol alone. One plausible explanation for the observed
change in the mechanism is that the phenol provides a proton source for the TATP
reduction products. Yamshchikov and Levin used phenol as a proton source in their
work examining the mechanism of the polarographic reduction of some organic
peroxides [73]. Another possible explanation is that, upon reduction, the peroxide reacts
with phenol in a way more complex than a simple proton transfer. The change in the
appearance of the voltammogram in the presence of phenol shows that a different
following reaction, whether it is protonation or another process, with different kinetics,
can change the mechanism for the reduction of TATP, and can cause a significant shift
the observed Ey,.

The effects of electrostatics and adsorption are not the only possible factors
contributing to position of the reduction wave. Electrochemical studies using tert-butyl
peroxides suggest that steric effects may also contribute. Salvato et al. and the team of
Kuta and Quackenbush were unable to polarographically reduce di-tert-butyl peroxide
[69, 74]. The authors attribute this result to steric effects that block the peroxide moiety
from reaching the electrode surface. Vasudevan performed cyclic voltammetric
experiments on di-tert-butyl peroxide using a glassy carbon electrode and was able to

reduce the compound at approximately -2.5 V (vs. Ag wire) in organic solutions [75].
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One might expect that a 9-member ring system, like TATP, would be immune to these
steric effects because the ring would be constantly moving so that, at any given time, the
peroxides would be accessible. According to results published by Denekamp et al. this
may not be the case. In their computational study, the authors showed that two
kinetically stable conformers (D3 and C,) of TATP exist at room temperature, and that
the conformers are separated in energy by 1.85 kcal mol™. Their calculations indicate
that the energy barrier between the two conformers is 26.3 kcal mol™. This barrier is
high enough to prevent the “flip-flop” transition between the two conformers at room
temperature. The authors also observed the presence of both conformers experimentally
in the crystal structure of TATP [76]. Additional evidence for the presence of two
separable conformers comes from HPLC and GC analysis of TATP, which exhibited two
distinct peaks, rather than one, in their respective chromatograms [77, 78]. Haroune et al.
provided further support by separating the conformers and identifying them using LC-
NMR [62]. Itis likely, based on reports that the ring is relatively rigid, coupled with the
reports that TATP does not react with typical peroxide detection reagents like iodide, that
sterics do play some role in TATP’s resistance to reduction [11].

Voltammetric Differences at Various Electrode Surfaces: Figure 2.2 shows that

the reduction of TATP occurred at different potentials depending on the type of electrode
used. Glassy carbon and gold electrodes provided voltammograms with a wave shaped
response on the negative potential sweep. At platinum electrodes, electrolyte degradation
occurred before any peak was observed. Therefore, platinum electrodes were not
particularly useful for the analysis of the reduction of TATP at an electrode surface. Ata

gold electrode, the response after reversal of the sweep direction, from negative to
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positive, showed a hysteresis near the foot of the reduction wave. The hysteresis
indicated that the overpotential required to reduce the species that were present at the
electrode surface on the positive potential sweep was lower than the overpotential that
was required to reduce the TATP on the negative potential sweep. Glassy carbon
electrodes were used for the analysis of the reduction of TATP at an electrode surface
because they displayed a response that looked like the “classic” irreversible electron
transfer case, as described by Bard and Faulkner [79].

The decision to use glassy carbon electrodes for the analysis of the heterogeneous
reduction of TATP is consistent with other work presented in the literature that utilized
glassy carbon electrodes for electrochemical studies of other organic peroxides [75].
Some researchers have noted that the use of glassy carbon electrodes for the analysis of
the reduction of peroxides resulted in irreproducible currents [74]. Irreproducible
voltammetry was not problematic for the work presented in this chapter, provided that the
electrodes were polished between each electrochemical experiment. The previous reports
that some authors observed irreproducible currents with glassy carbon electrodes further
illustrates that the electrochemistry of organic peroxides cannot readily be generalized
because subtle differences in compounds or conditions can affect the results of an
experiment.

Cyclic Voltammetry: The heterogeneous electrochemical reduction of di-alkyl

peroxides, such as di-tert-butyl peroxide, at an electrode surface in aprotic media can be
described as an irreversible two-electron process [80]. As expected, the reduction of
TATP at a glassy carbon electrode surface also displayed the characteristics of an

irreversible electron transfer reaction. Figure 2.4 shows the voltammetric response of
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Figure 2.4. Cyclic voltammograms of a 1.96 mM TATP solution with 100 mM TBAPFg
in acetonitrile at a 1.6 mm glassy carbon electrode, potentials vs. Ag wire. Plotted are
scan rates of 100, 200, 500, 1000, 2000 mV/s. The initial potential was 0 VV and the
initial sweep direction was negative. The voltammograms have been corrected for
background currents by subtracting the signal produced by the same electrode in a 100
mM TBAPF; solution. Electronic iR compensation was applied to each experiment.
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TATP at a glassy carbon electrode cycled over rates ranging from 100 mV/s to 2000
mV/s. The voltammograms shown in Figure 2.4 have been corrected for background
current, and electronic iR compensation was applied to each experiment. The absence of
an oxidation peak upon reversal of the direction of the potential sweep, from negative to
positive, is one indication that the electron transfer reaction is irreversible. In addition,
the peak potential (Ep) shifts cathodically with increasing scan rate, as predicted for an
irreversible charge transfer system [79]. Using the theory developed by Nicholson and
Shain [72], one can calculate some information about the reduction of TATP at a glassy
carbon electrode from the data shown in Figure 2.4. The E° for an irreversible electron
transfer reaction at an electrode surface is rarely known [72]. However, Nicholson and

Shain derived the following relationship,

— 1.857RT (210)

anF

|.Er,'.5| - Ei,-":

where Ep E1p, R, T, o, n, and F are the peak potential, half peak potential, gas constant,
temperature, transfer coefficient, number of electrons, and Faraday’s constant,
respectively, which can be used to determine the value of an for an irreversible electron
transfer process [72]. The application of equation (2.10) on the data in Figure 2.4
resulted in an average value of an = 0.246 + 0.008 at the 95% confidence level.
Nicholson and Shain also reported that for an irreversible electron transfer system the
voltammetric peak potential should shift by 30/an mV for every ten-fold increase in the
scan rate [72]. A plot of the peak potential vs. logip(scan rate), as shown in Figure 2.5,
resulted in a linear correlation. By assuming the slope of the best fit line calculated for

this data was equivalent to 30/an, | obtained a value of an = 0.241, which is consistent
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Figure 2.5. The peak potential theoretically varies by 30/an with each 10 fold increase in
the scan rate for an irreversible electron transfer at an electrode surface. Using the slope
of the plot of peak potential vs. log(scan rate) allowed for the calculation of an for the
reduction of TATP. Based on this theory, an = 0.241.
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with the previous calculation and provided a starting point for further analysis, which is
discussed below.

Several additional observations about the reduction of TATP at electrode surfaces
can be made based on cyclic voltammetry experiments. The reduction of TATP is
irreversible at a 1 mm diameter glassy carbon electrode at any scan rate that produced
meaningful data. The data collected at faster scan rates using a 1 mm diameter electrodes
was not meaningful because the influences of iR drop significantly distorted the
voltammograms, even when electronic iR compensation was employed. The reduction of
TATP is also irreversible at up to 10,000 V/s when a 10 um diameter gold electrode is
used, but, as discussed above, the reduction of TATP takes place via a different
mechanism at gold electrodes. Therefore, the results obtained using gold electrodes are
not directly comparable to those obtained using glassy carbon electrodes. Another
observation, based on the voltammogram shown in Figure 2.6, is that the products of the
reduction of TATP results in two oxidation waves that are observed on the positive
potential sweep subsequent to the TATP reduction. One of these oxidation waves
appears at approximately -0.3 V (vs. Ag wire) and the other at approximately 0.3 V (vs.
Ag wire). The reduction wave that is observed at approximately -0.75 V (vs. Ag wire) on
the second negative potential sweep of the voltammogram shown in Figure 2.6 only
appears if the electrode is swept in the negative direction again immediately following
the first voltammetric cycle. The identities of the species responsible for the
voltammetric waves at -0.3 V, 0.3 V, and -0.75 V are not currently known. The
voltammograms shown in Figure 2.7 suggests that an adsorption process occurs when

TATP is reduced at a glassy carbon electrode surface. Alternatively, it is possible that
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Figure 2.6. Cyclic voltammogram of a 1.96 mM TATP solution with 100 mM TBAPFg in
acetonitrile at a 1.6 mm glassy carbon electrode at a scan rate of 1 V/s. The initial
potential was -1 V and the initial sweep direction was negative. The peak at ca. -0.75 V
appears only on the second sweep in the negative direction. The voltammogram has been
corrected for background currents by subtracting the signal produced by the same
electrode in a 100 MM TBAPFg solution. Electronic IR compensation was applied to the
experiment.
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Figure 2.7. Cyclic voltammograms of TATP in acetonitrile with 100 mM TBAPF¢ at a
glassy carbon electrode at a scan rate of 1 V/s. The initial potential was -0.5 V and the
initial sweep direction was negative. The initial cycle was collected at a freshly polished
electrode; the subsequent voltammogram was collected at the same electrode without
polishing.
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the electrode surface is changed in some other manner (by the reduced but still highly
oxidized products) to produce heterogeneous electron transfer kinetics that are no longer
as facile. When a glassy carbon electrode is cycled once through the TATP reduction
wave, the solution stirred, and the electrode cycled through the reduction wave again, the
wave shape remains roughly consistent, but the peak height decreased and shifted slightly
in the cathodic direction indicating the adsorption of a passivating layer, or that the
reaction products have been swept away so that they cannot react with the electrode
surface.

Bulk Electrolysis: Yamshchikov and Levin reported that the reduction of some

organic peroxides at an electrode surface takes place via a single electron transfer (n=1)
process in aprotic solvents [70, 73]. Based on this report, and the number of peroxide
moieties in TATP, one could surmise that the number of electrons transferred to TATP
upon reduction at an electrode surface could be anywhere from 1 to 6. As such, a
measurement of the value of n, which is not available from the voltammetric experiments
described above, became important.  Bulk electrolysis was employed for this
determination.

The results for one bulk electrolysis are shown in Figure 2.8. The working
electrode compartment originally contained 3.5 mg of TATP. Using Faraday's law, one
can calculate that for this quantity of TATP (1.5; x 10° moles), 1.5 coulombs of charge
should pass per electron transferred. The plot of charge passed in the electrolysis cell
over the duration of the experiment, shown in Figure 2.8 (top), reveals that the charge
approaches 3 coulombs, indicating that under these conditions TATP undergoes a two-

electron reduction.
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Figure 2.8. Bulk electrolysis current and charge (top) and progressive linear sweep

voltammogram (bottom).
electrolysis time.

The voltammetric peak current decreased with increasing
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To monitor the progress of the electrolysis, | periodically recorded cyclic
voltammograms. Figure 2.8 (bottom) shows that the voltammetric current decreases with
electrolysis time until it reaches a value near the background. The decrease in the
voltammetric current and the decay of the electrolysis current from ca. 80 pA to 3 HA
provides further verification that the electrolysis performed under these conditions had
reached completion.

The duration of the preceding bulk electrolysis was quite long making it possible
that some small fraction of the TATP originally in the solution diffused through the glass
frit separator and into the reference electrode compartment of the cell. However, the
products of the reduction of TATP caused the solution in the working electrode
compartment to turn distinctly yellow. The solution in the reference electrode
compartment did not become discolored leading me to the conclusion that loss of TATP
by diffusion through the separator was insignificant, and that my value of n=2 was
reliable.

Digital Simulation: | wanted independent verification of reduction stoichiometry

determined by bulk electrolysis. Digital simulations were performed to provide this
verification. Evidence in the literature shows that the heterogeneous reduction of alkyl
peroxides at electrode surfaces often occurs via an irreversible electron transfer followed
by some form of chemical dissociation [75, 80, 81]. | attempted to model the cyclic
voltammetric response for the reduction of TATP in acetonitrile solutions with the digital
simulation software Digisim, using an electron transfer followed by a chemical reaction

(EC) mechanism.
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| began by examining the voltammogram obtained at a scan rate of 200 mV/s.
Previous analysis of the voltammetric peak potentials, described above, resulted in an
average value for the transfer coefficient (o) of 0.245/n. This value provided a starting
point for « in the simulations. When the software was allowed to adjust «, the value did
not change significantly, which helped to validate the previous result. When the
diffusion coefficients of the chemical species were allowed to adjust during the
simulations the resulting values were physically unreasonable. The voltammetric peak
current for an irreversible charge transfer system is proportional to the square root of the
diffusion coefficient of the redox active species [79]. The square root dependence means
that a diffusion coefficient must change by a relatively large amount to have a significant
impact on the magnitude of currents in the calculated voltammograms. The diffusion
coefficients used in the simulations were fixed at 2 x 10° cm?/s. This value was chosen
because the diffusion coefficients of small molecules in acetonitrile solutions have been
shown to be approximately 2 x 10 cm?/s by several authors, and as mentioned above,
small deviations from this value would have little impact on the simulated
voltammograms [82-84]. The initial values for the heterogeneous rate constant (k,), the
homogeneous reaction equilibrium constant (Keq), and the homogeneous rate constant for
the forward reaction (ki) were selected based on the qualitative characteristics of the
voltammograms. A small heterogeneous rate constant manifests itself as a large
overpotential for electron transfer [79]. A low initial value for k, (1 x 10 cm/s) was
used in the simulations of the voltammetric response for TATP reduction because the
reduction wave appears at relatively negative potentials. Keq and ki were initially set to

large values (1 x 10°, and 1 x 10° s™, respectively) because no voltammetric peak was
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observed upon reversing the potential sweep to the positive direction. The rate constants
(ko, k) and the equilibrium constant (Keq) were allowed to adjust until a local minimum
was achieved for the data at 200 mV/s. The rate constants and the equilibrium constant
that resulted from the simulation of the voltammogram collected at 200 mV/s were then
used to model the voltammograms collected at 100, 500 and 1000 mV/s. The parameters
calculated from the 200 mV/s data provided reasonable fits for the data collected at each
of the other scan rates, as displayed in Figure 2.9.

The E° for the half reaction involving the voltammetric reduction of TATP is not
known, nor can | reasonably determine it from my experimental results. E° used in the
model can be fixed at different values and by adjusting the heterogeneous rate constant,
an equivalent fit can be achieved. Table 2.1 summarizes the variation in k, as the value
of E° was adjusted from -1.1 V to -1.6 V while all other parameters were held constant. It
was not possible to perform the simulations using E° values more positive than -1.1 V
because the modeling software calculates the equilibrium concentrations of the reactants
before the simulation, and when | input E° values more positive than -1.1 V, the
equilibrium concentration of TATP, calculated by the software, was significantly lower
than the analytical concentration. The variation in k, as E° was adjusted to different
values demonstrates that the values calculated for the rate constants are not quantitatively
meaningful. Qualitatively, regardless of the exact k, used in the model, the voltammetric
response is well described by an electron transfer followed by a fast chemical reaction.
The k, for the ferrocene/ferrocenium couple has been reported to be 6 x 10 cm/s [85].

The k, calculated for the reduction of TATP using Eo=-1.6 V (i.e., 1.09 x 10 cm/s) is an
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Table 2.1. Average digital simulation best fit heterogeneous rate constants (k,) for scan
rates 100, 200, 500, 1000 mV/s while adjusting the E, and holding all other parameters

constant.
Fixed E, (V) Average Rate Constant Standard Deviation
(Ko) (cmi/s x 10%)
(cm/s x 10%)

-1.1 0.0094 0.0001
-1.2 0.0243 0.0002
-1.3 0.0628 0.0005
-1.4 0.162 0.002
-1.5 0.420 0.004
-1.6 1.09 0.01
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order of magnitude lower than the value reported for ferrocene. One would expect that
the E° for TATP is likely more positive than -1.6 V because of the three peroxide groups
in the molecule, and, by extension, that k, is likely smaller than 1.09 x 10° cm/s. A
qualitative conclusion one can draw from the simulations is that, assuming E° is more
positive than -1.6 V, the electron transfer is slow when compared to ferrocene. The fits
shown in Figure 2.9 were not perfect matches to the experimental data. As shown in
Figure 2.7 and discussed above, the reduction of TATP at a glassy carbon electrode in
acetonitrile solutions produces some changes to the electrode surface. The simulation
software is not capable of accounting for these changes, and one can hypothesize that
these effects are the reason that the simulations do not fit experimental results more
precisely. Despite the minor imperfections, the simulations are a good fit to the
experimental data and match the logical conclusions one might make upon visual
inspection of the voltammetric wave shapes.

The results of the digital simulations can be used to support some general
conclusions about the reduction of TATP at a glassy carbon electrode surface. First, two
electrons are transferred in the reduction of TATP. No reasonable fit of the voltammetric
data could be achieved with n = 1, 3, 4, 5, or 6 electrons, regardless of how the other
parameters were adjusted. The value n = 2, as determined from the simulations, verified
the result obtained from the bulk electrolysis experiment discussed above. Additionally,
the value a = 0.122, calculated from the simulations, closely matches the value calculated
above using peak potentials of the voltammograms. Based on the results of the
simulations, the reduction of TATP at a glassy carbon electrode is well described by a

relatively slow two-electron transfer followed by a very fast chemical reaction, which,
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based on evidence presented in the literature, is likely the dissociation of a peroxide [75,
80, 81].

Catalytic Reduction, Introduction: | attempted to identify compounds that would

catalytically reduce TATP through homogeneous electron transfer mediation at potentials
less negative than those observed for the direct reduction of TATP at a bare electrode. A
compound capable of mediating this catalytic reduction could be the basis for an
electrochemical sensor that is selective for TATP. Additionally, or alternatively, an
efficient catalytic reducing agent could be employed to electrochemically destroy TATP.

| used cyclic voltammetry to screen potential catalytic reducing agents, and
looked for two qualitative diagnostic criteria in the voltammograms. One criterion was a
positive shift in the reduction wave for TATP, corresponding to a reduction of the
mediating species. The other criterion was the indication of a catalytic mechanism. The
voltammetric response for a catalytic reaction sequence, like the one shown in equations
(2.3) and (2.4), would appear as some form of increased current in the presence of TATP
and a reversible or quasireversible wave in the absence of TATP [79]. Most of the
species | examined were of little utility in this regard, but the screening process did lead
to the identification and preliminary characterization of several interesting candidates.
Examples of compounds that were tested, even those that showed no catalytic activity,
are discussed below.

Porphyrins: As discussed in the introduction, electrochemical peroxide sensors
have been developed that use horse radish peroxidase as a transducer [52, 53, 86]. The

enzyme has an iron porphyrin unit in the active site [55]. As such, I decided to test
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several porphyrin derivative complexes containing three different metal ions, Co, Fe, and
Rh, for catalytic activity with TATP.

Figure 2.10 shows the voltammogram for [2,3,7,8,12,13,17,18-octafluoro-
5,10,15,20-tetraphenyl)porphyrinato]cobalt (FsTPPCo) in the presence and absence of
TATP. Two quasireversible waves are present in the voltammogram of FgTPPCo. The
first wave, at approximately -1 V (vs. ferrocene), corresponds to a metal center reduction
of the FgTPPCo/FgTPPCo redox couple. The second wave, at approximately -2 V (vs.
ferrocene), corresponds to the reduction of the macrocyclic n-system and the FsTPPCo
IFsTPPCo? redox couple [87]. In the presence of TATP the wave corresponding to the
FsTPPCo/FsTPPCo™ couple was distorted but the current did not increase significantly. A
significant increase in the current did occur in the presence of TATP at potentials
associated with the FsTPPCo/FgsTPPCo%. The mediated electron transfer is complicated
because it occurs close to the potential at which TATP reduces at the bare electrode
surface, and the waves overlap. This process occurred at potentials so negative that it
was of little catalytic utility, and | did not investigate it further.

Figure 2.11 (top) shows the voltammogram for [5,10,15,20-
tetraphenylporphyrinato]iron(111)* (TPPFe®) in the presence and absence of TATP. The
two quasireversible voltammetric waves are the result of metal center reductions
corresponding to the TPPFe'/TPPFe redox couple at approximately 0 V (vs. Ag wire),
and the TPPFe/TPPFe™ couple at approximately -0.9 V vs. Ag wire [87]. Scanning the
potential further in the negative direction did not reveal any additional redox activity. No

change in the response occurred when TATP was added to the solution.
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Figure 2.10. Cyclic voltammograms of FgTPPCo with 100 mM TBAPFs at 100 mV/s in
DMF at a gold working electrode both before and after the addition of TATP.
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Figure 2.11. Cyclic voltammograms of TPPFe (top), and F,TPPFe (bottom). The
voltammograms were collected in DMF solution with 100 mM TBAPF¢ as supporting
electrolyte. The potential axis for FooTPPFe was corrected to the ferrocene internal
reference. Both voltammograms were collected using Pt working electrodes at 100 mV/s.



95

Figure 2.11 (bottom) shows the voltammogram for 5,10,15,20-
tetrakis(pentafluorophenyl)porphyrinato]iron(lil)* (F,TPPFe®). Three reductions are
observed in the electrochemical window of the DMF/TBAPFg electrolyte system used in
the experiment. The voltammetric waves correspond to the FooTPPFe*/F,TPPFe couple
(ca. -0.5 V vs. ferrocene), the FooTPPFe/F,oTPPFe™ couple (ca. -1.3 V vs. ferrocene), and
the FooTPPFe/F,0TPPFe? couple (ca. -1.8 V vs. ferrocene) [87]. The waves that appear
at-0.5 V and -1.3 V (vs. ferrocene) are the result of metal center reductions. The electron
withdrawing fluorine substitution shifts the reduction of the n-system far enough in the
positive direction, when compared to the parent TPPFe* complex, that it is accessible in
the electrochemical window [87]. All three reduction waves of FyTPPFe" appear to
show limited increases in current in the presence of TATP. The most significant increase
in the current occurs with the reduction of the n-System at approximately -1.8 V (vs.
ferrocene).

Figure 2.12 shows the voltammograms for the rhodium complexes of FgTPP (top)
and FgTPP (bottom). The electrochemical behavior of fluorinated rhodium porphyrin
complexes is highly dependent on the presence of axial ligands and the solvent in which
the experiments are performed [88]. The voltammograms shown in Figure 2.12 were
recorded in solutions containing the chloride salts of the F,TPPRh" complexes in THF
solutions.  The first reduction for each compound, which is observed at approximately
-0.6 V and -0.3 V (vs. Ag wire) for the FgTTP and F,sTPP complexes, respectively,
appear irreversible for both compounds.  This reduction corresponds to the

F,TPPRh*/F,TPPRh redox couple [88]. The second reduction for each compound, which
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Figure 2.12. Cyclic voltammograms of FgTPPRh (top) and F,sTPPRh (bottom) both
before and after the addition of TATP in THF with 100 mM TBAPF; collected at a Pt
working electrode with Ag wire pseudoreference at 100 mV/s.
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is observed at -1.3 V and -1.0 V (vs. Ag wire) for the FgTTP and F,sTPP complexes,
respectively, appears quasireversible for both compounds and corresponds to the
FxTPPRh/F,TPPRh" redox couple. It has been reported that the neutral oxidation state
(FxTPPRN) of fluorinated rhodium porphyrin complexes will undergo disproportionation
in the presence of chloride ions [88]. It is likely that the chloride ions in this system were
the reason for the irreversible characteristics that were observed. No catalytic response
was observed in the presence of TATP for either the complex, so these compounds were
not explored in greater detail.

Of the porphyrin compounds that | tested, F,oTPPFe appears to be the most
promising based on the increase in current observed with the wn-system reduction in the
presence of TATP, as shown in Figure 2.11. These compounds were not readily
available for further investigation and their preparation is relatively complex and
expensive [60, 61]. Therefore, | chose to explore other options for practical reasons.

Ferrous ion: Ferrous ion (Fe?*) generated via the reduction of Fe®" at an electrode
surface was tested as a potential electron transfer mediator because it was observed that
acetonitrile and DMSO solutions containing TATP and anhydrous FeCl, turned yellow
over the course of several days under oxygen free conditions. The yellow color
suggested that Fe** was generated by the reaction of the Fe®* with TATP. | observed that
the Fe**/Fe?* couple is not voltammetrically reversible in acetonitrile solutions so the
electrochemical analysis was performed in DMSO. The couple produces an essentially
reversible voltammetric wave at approximately 0.1 V (vs. Ag wire), as shown in Figure

2.13. The presence of TATP does not result in an increase in the peak current when Fe?*
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Figure 2.13. Cyclic voltammograms of FeCl, in DMSO before and after the addition of
TATP. The solution contained 100 mM TBAPFs as supporting electrolyte and were
collected at a Pt working electrode at 100 mV/s. The initial potential was 0.5 V and the
initial sweep direction was negative.
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IS generated at the electrode surface, which indicates that on the timescale of the cyclic
voltammetry experiment the reduction of TATP by Fe* does not occur.

Iron electrodeposition occurs at approximately -1 V (vs. Ag wire) and is followed
by the direct reduction of TATP at the electrode surface. Reversal of the potential sweep
to the positive direction in the presence of TATP reveals that the size of the peak
associated with the oxidation of Fe° which appears at -0.5 V (vs. Ag wire), is
significantly diminished. A similar effect, caused by the presence of electrodeposited
iron on an inert electrode surface, was demonstrated previously by Baron et al. in systems
containing tert-butyl hydroperoxide in DMF [89].

Miscellaneous compounds: A compilation of the voltammograms of other

compounds recorded in the presence and absence of TATP is shown in Figure 2.14.
Cobaltocene (top left), methyl viologen (top right), Cg (middle right) and
hexaammineruthenium (111) (bottom right) were tested because each compound has been
reported to be useful in oxygen or peroxide reduction schemes [90-95]. Dissolved
hydrogen (H,) (bottom left) was tested because it was hypothesized that lowering the
effective pH near the electrode by oxidizing H, to H* at the surface would result in the
decomposition of TATP. Samarium (I11) triflate was tested because complexes of Sm?*
have been demonstrated to be relatively powerful reducing agents [96-98]. | attempted to
reduce TATP by electrochemically generating Sm®* from a solution of samarium (I11)
triflate (middle left). None of these schemes displays catalytic reactivity with TATP, as
demonstrated by the respective voltammograms shown in Figure 2.14.

Samarium (1) triflate appears to distort the voltammetric signal produced by

ferrocene in DMSO solution, as shown in Figure 2.14 (middle left). The addition of
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Figure 2.14. Cyclic voltammograms before and after the addition of TATP for
cobaltocenium hexafluorophosphate in acetonitrile (top left), methyl viologen diiodide in
acetonitrile (top right), samarium triflate in DMSO (middle left), fullerene in
dichloromethane (middle right), hydrogen dissolved in an acetonitrile solution (bottom

left), and hexaammineruthenium (I11) trichloride in acetonitrile (bottom right).

All

solutions contained 100 mM TBAPFg as supporting electrolyte and the voltammograms
were collected at a gold electrode at a scan rate of 100 mV/s. The initial sweep direction
was positive for dissolved hydrogen and negative for all other experiments.
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TATP to the samarium triflate solution resulted in further distortion the ferrocene signal
and caused a peak to appear at approximately -1.8 V vs. Ag wire. The source of the
distortion of the ferrocene peak is unknown. The peak that appears at -1.8 V is likely the
direct reduction of TATP at the electrode surface, but the peak is distorted when
compared to those observed in Figure 2.4. Sm®" isa Lewis acid [99]. Lewis acids can
react with peroxides and cause peroxide fragmentation [100]. The distortion in the
voltammogram led me to speculate that some interaction, or possibly a reaction, had
occurred between Sm** and TATP. Analysis of the NMR spectrum of a DMSO solution
of samarium (111) triflate and TATP exhibited no difference from the NMR spectrum of
TATP alone. The NMR result indicates that no reaction occurs between Sm** and TATP,
and no further analysis was performed on the interaction between the species.

Nafion film electrodes: Nafion is a sulfonated polytetrafluoroethylene based

ionomer originally made in the 1960’s at Dupont [101]. As discussed in the introduction,
in 1999 Bellamy showed that TATP was destroyed when refluxed with Sn®* ions in
certain solvents [33]. 1 originally sought to employ the reaction of Sn** with TATP by
incorporating Sn** ions into a Nafion film on an electrode surface and then
electrochemically reducing the Sn** to generate the active Sn** species.

In the initial experiment a Nafion film was cast on a gold electrode surface by
drop coating, as described in the experimental section, and the electrode was submerged
in a 10 mM aqueous SnCls5SH,O solution. The peaks in the cyclic voltammetric
response, shown in Figure 2.15 (top), at approximately 0.4 V (vs. Ag wire) display the
general characteristics of a surface wave [79]. The voltammetric peak current for the

reduction of a species that is adsorbed onto an electrode surface varies linearly with the
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Figure 2.15. The cyclic voltammetric response of a Nafion coated electrode in aqueous
SnCl, solution at 10 mV/s before and after the addition of acid treated TATP (top). The
linear correlation between the peak current vs. scan rate (bottom left) rather than the peak
current vs. scan rate'’? (bottom right) demonstrated that the voltammetric response was
the result of a surface based process.
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scan rate. In contrast, the voltammetric peak current for the reduction of a solution phase
species varies linearly with the square root of the scan rate [79].  The linear correlation
between the scan rate and the peak current, displayed in Figure 2.15 (bottom-left)
supports the conclusion that the voltammetric process is associated with some species
incorporated in the Nafion surface layer. At the time | conducted these experiments, I
believed that the peak was due to the reduction of Sn*" that was immobilized in the
Nafion film, because Sn** was the only electroactive species that had been added to the
solution. The voltammetric response of this electrode in the presence of TATP was
tested by adding approximately 15 mg of solid TATP to the solution. TATP is poorly
soluble in water so the solution was stirred for approximately 1 hour before | repeated the
cyclic voltammetry experiment. The results are shown in Figure 2.15 (top). A clear
increase in the current occurs in the presence of the peroxide. Again, at this time |
thought that the response was due to electrogenerated Sn* reacting with TATP.

The 10 mM SnCl,-5H,0 solution had a pH of approximately 1.5 due to hydrolysis
of Sn** ions [99]. As a control, a new film was cast on an electrode and the electrode was
placed into a hydrochloric acid solution at pH 1.5. A similar response, both in the
presence and absence of TATP, was observed with the freshly prepared film in the HCI
solution. This result suggests that a contaminant was present in both the SnCl;-5H,0
solution and in the HCI solution that was used for the control experiment. The only
reasonable common contaminant that was listed on the bottle for each chemical was iron.
The Fe**/Fe** couple in a HCI solution at pH 1.5 exhibited a reversible voltammetric
response at approximately 0.4 V vs. SCE at a gold electrode surface. The observed

potential for this couple at a bare gold electrode was similar to the observed potential for
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the surface wave that appeared when the Nafion coated electrode was used. The addition
of FeCl; to a HCI solution, in which a Nafion coated electrode was submerged, resulted
in an increase in the voltammetric peak currents, as demonstrated in Figure 2.16. This
result suggests the additional loading of electroactive species. Nafion films have been
shown to incorporate Fe** and Fe?* ions, and when such films are cast on electrode
surfaces, the Fe**/Fe** couple exhibits a voltammetric response similar to those displayed
in Figures 2.15 and 2.16 in the absence of peroxide. Nafion coated electrodes have even
been used as sensors for iron ions in environmental water samples [102, 103]. Maletzky
et al. showed that hydrogen peroxide reacts with Fe?* immobilized in Nafion membranes.
The authors produced hydroxyl radicals, via the Photo-Fenton method, by submerging a
Nafion membrane containing Fe?* ions in an aqueous solution of hydrogen peroxide and
the irradiating the membrane with UV light [104]. Previous reports describing the
reactivity of the iron/Nafion membranes with peroxides suggest that iron was a likely
contaminant in my system.

As mentioned above, the signal increase observed in the presence of TATP in
aqueous SnCl,-5H,0 solutions, shown in Figure 2.15, was also observed in HCI solutions
at pH 1.5. The signal increase was not observed when solutions above pH 2.25 were
used. This result suggests that the reaction that occurs at the Nafion film electrode does
not involve the reduction of TATP directly, but rather the reaction involves the
degradation products that are formed when TATP is treated with acid. This observation
is in accord with other TATP sensor systems reported in the literature, which show no

reaction with TATP directly and require degradation of the TATP before analysis [57].
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Figure 2.16. Cyclic voltammograms of a Nafion coated electrode that had been
submerged in a HCI solution for 20 minutes before the addition FeCl3 to the solution.
The concentration of FeCl; after the addition was approximately 10 ppm. The relatively
rapid increase the peak current indicates the additional uptake of electroactive material.
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Additional experimentation demonstrated that the source of the contaminant was actually
the Nafion solution, not the SnCls-5H,0 or the HCI used in the previous experiments.
When thinner Nafion films, prepared via spin coating, were submerged in a stirred
solution of trace metal grade HCI the peaks associated with the contaminant disappeared.
This observation led me to the hypothesis that the contaminant was in the Nafion and
that, if given enough time, the species would diffuse out of the film. This hypothesis was
tested by placing an electrode with a spin coated Nafion membrane into a solution of
trace metal grade HCI and monitoring the cyclic voltammetric response over time. The
results of the experiment are shown in Figure 2.17. Initially, the voltammetric peaks are
relatively small and the peak separation is relatively large, which indicates that the film is
resistive. The second CV, recorded approximately two minutes later, is similar to the
voltammogram shown in Figure 2.15. After approximately 1 hour the peak current at the
stationary electrode settled at a value of around 2 pA. Rotating the electrode resulted in
further decreases in current until the peak essentially disappeared. The disappearance of
the voltammetric peak indicates that the electroactive contaminant diffused out of the
membrane and led me to the conclusion that the contaminant was already in the Nafion
film before the electrode was submerged into the solution.

The original goal of this project was to identify compounds capable of reacting
directly with TATP. The Nafion systems described above show no evidence for the
mediated reduction of TATP, but my work does suggest the presence of a more complex
mechanism in which unidentified species mediate the reduction of TATP degradation

products produced in highly acidic solutions. Further study of similar Nafion modified
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with time as the redox active species responsible for the peak diffused out of the
membrane. Stirring the solution increased the rate at which this decrease occurred.
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electrode systems may be useful for other applications such as hydrogen peroxide sensors
or wastewater treatment [37, 104, 105].

Ruthenium Tris Bipyridine: One compound that was tested showed a significant

catalytic reaction with TATP, tris(bipyridine)ruthenium(ll) (Ru(bpy)s*"). As shown in
Figure 2.18, the reduction of Ru(bpy)s** in the presence of TATP exhibits a significant
increase in current at each of the three reductions that are present in the voltammogram of
Ru(bpy)s** alone. These reductions are known to be three separate one-electron
reductions of the ligands. The formal potentials differ because of coupling through the
metal center [106]. At more negative potentials the direct reduction of TATP at the
electrode surface also contributes to the observed current and complicates the system.

The increased current at each of the three reduction waves of Ru(bpy)s**, shown
in the voltammogram in Figure 2.18, indicates that TATP reacts with each of the
reduction products of Ru(bpy)s®* (i.e., Ru(bpy)s'*, Ru(bpy)s:’, and Ru(bpy)s). One
might expect that the multiply reduced Ru(bpy)s’, and Ru(bpy)s" complexes may be
better electron transfer mediators for TATP reduction because these complexes could
potentially transfer multiple electrons, as opposed to the singly reduced Ru(bpy)s'*,
which likely only transfers one electron. The voltammogram is extremely complex
beyond the first reduction of Ru(bpy)s>* in the presence of TATP, and extensive analysis
would be required to analyze the processes involving Ru(bpy)s’, and Ru(bpy)s™, which
occur beyond the first reduction wave.

The reaction between TATP and the first reduction product of Ru(bpy)s*,
Ru(bpy)s™, resulted in an approximate 4.5-fold increase in the voltammetric peak current

at a scan rate of 100 mV/s. The voltammetric wave associated with this reaction is
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Figure 2.18. Cyclic voltammogram of 430 uM Ru(bpy)s>* in acetonitrile with 100 mM
TBAPFs as supporting electrolyte at 100 mV/s. The overlay is the same Ru(bpy)s**
solution with 28 mM TATP. The inset shows the three voltammetric waves
corresponding to the redox couples Ru(bpy)s*/Ru(bpy)s* (labeled 1),
Ru(bpy)s**/Ru(bpy)s’ (labeled 2), and Ru(bpy)s"/Ru(bpy)s’” (labeled 3). The wave at
+0.4 V corresponds to the ferrocene/ferrocenium couple that was present in the 430 uM
Ru(bpy)s** solution.
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reasonably well separated from the other waves that occur in the voltammogram shown
in Figure 2.18. The reaction of Ru(bpy)s* with TATP has been noted in the literature by
Shaw and Calhoun, though their publication came after this work was initially performed
[59]. For this work | focused on the first reduction product of Ru(bpy)s** because it
shows catalytic reactivity with TATP and the mediated electron transfer shifts the
potential necessary for the reduction of TATP by 550 mV in the positive direction. The
E1/» values for this system are summarized in Table 2.2.

| used a catalytic mediated electron transfer mechanism (EC’) to model this
system [79, 107-109]. The EC’ model provides a straightforward method for analyzing
the kinetics of the homogeneous catalytic reaction between Ru(bpy)s'* and TATP. In a
chronoamperometric analysis of an EC” system one can calculate the homogeneous rate

constant for the following reaction based upon the equation

i ey — et

L= Va[erf(VA) VR + ] (211)
where

A=Kk'C,t (2.12)

i is the current measured in the presence of the substrate (here TATP) , iq is the diffusion
limited current in the absence of the substrate, £’ is the rate constant for the homogeneous
catalytic reaction, C’sy is the concentration of the substrate, and t is time [79]. When 4 is
small, for instance when the concentration of the substrate is small or the rate constant for
the homogeneous reaction is small, i/ig approaches 1, and the waveshape approaches that

of a reversible voltammogram for which there is no evidence of a coupled catalytic step.
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Table 2.2. Listed are the Ejj, values for the reduction wave of TATP, the first reduction
wave of Ru(bpy)s**, and the reduction wave corresponding to the first reduction of
Ru(bpy)s>* in the presence of TATP. All potentials are reported vs. ferrocene in
acetonitrile solution at 100 mV/s at a glassy carbon electrode. The potential of the
TATP reduction is shifted by 550 mV when Ru(bpy)s** is used as an electron transfer
mediator.

E1 vs. Ferrocene
Compound at 100 mV/s
V)

TATP -2.25
Ru(bpy)s~*/ Ru(bpy)s"* -1.70
Ru(bpy)s~*/ Ru(bpy)s"* -1.70

(With TATP)
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When 2 is large, erf(+/2) = 1 and “*’_A/ = 0. which simplifies equation (2.11) to
A

L= Jma (2.13)

In the limit of Equation 2.13 a plot of the current ratio (i/ig) vs. +/t produces a straight
line with slope = Jm [79].

A plot of (i/ig) vs. 4/t for the Ru(bpy)s**/TATP system is shown in Figure 2.19.
Despite the noise at longer times the data are well fit by a straight line with an intercept
of zero, a result that is consistent with the expectation from equation (2.13). From this
plot the rate constant for the following reaction was calculated to be 1800 + 100 M* s
the at 95% confidence level. | also repeated the calculation after smoothing the noise by
applying a 7-point moving boxcar average to the measured currents. After smoothing the
data, the correlation coefficient improved from 0.906 to 0.985 and the resulting rate
constant was 1740 + 40 M™ s at the 95% confidence level.

As mentioned briefly above, the three reduction waves of Ru(bpy)s** in the
voltammogram shown in Figure 2.18 are ligand reductions. Each reduction results in an
electron localized in the ©* molecular orbital for one of the three bipyridine ligands
[106]. A d—n* transition occurs when Ru(bpy)s?* is irradiated with visible light, and a &
—* transition occurs upon irradiation with ultraviolet light [110]. The photon induced
d—n*, and m—n* transitions prompted an attempt to see if TATP could be
photochemically destroyed using the Ru(bpy)s>" excited state to transfer an electron to
TATP. To test this hypothesis | measured the fluorescence that was produced as

Ru(bpy)s>*" relaxed to Ru(bpy)s** in the presence and absence of TATP in acetonitrile
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Figure 2.19. A plot of the ratio of the catalytic current/diffusion limited current (i/ig) vs.
time"2. From the slope of this line a homogeneous rate constant of 1800 + 100 M™s™ for
the reaction between TATP and Ru(bpy)s'* was calculated. The diffusion limited current
was recorded in 430 pM Ru(bpy)s”* in acetonitrile with 100 mM TBAPF as supporting
electrolyte at a 1 mm glassy carbon electrode. The catalytic current was recorded in the
same Ru(bpy)s** with 28 mM TATP added. The potential step was applied from -0.96 V
to -1.35 V, corresponding to a potential just past the first reduction wave of Ru(bpy)s>".
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solutions. The fluorescence measurements in the presence of TATP were made using 1.4
x 10 M Ru(bpy)s** solutions with various excesses of TATP. The excess amounts of
TATP varied from 10 to 80 times the molar concentration of Ru(bpy)s?*. The
wavelengths of maximum absorbance and emission were determined experimentally to
be 470 nm and 600 nm, respectively, and these wavelengths match those reported
previously for Ru(bpy)s®* [111]. This experiment did not show any quenching of the
fluorescence when TATP was present in the solution, which led to the conclusion that no
reaction was occurring between the Ru(bpy)s”* and TATP. To verify the result, | mixed
TATP with Ru(bpy)s** in an equimolar ratio in deuterated acetonitrile under oxygen free
conditions in a sealed NMR tube. The NMR spectrum was recorded initially and the
reaction mixture was exposed to sunlight for approximately 10 hours. No change in the
spectrum was observed and this was taken as confirmation that there was no detectable
reaction between Ru(bpy)s** and TATP.

Conclusions: A qualitative assessment of the reduction of TATP at a glassy
carbon electrode surface was performed. Cyclic voltammetric analysis shows that TATP
reduces at -2.25 V vs. a ferrocene/ferrocenium internal reference in acetonitrile solutions.
The reduction of TATP is well described by a kinetically slow electron transfer followed
by a kinetically fast chemical transformation. Based on information presented in the
literature, the chemical transformation is likely the dissociation of a peroxide bond [75,
80, 81]. Dependence of the voltammetric peak current on potential scan rate indicates
that the transfer coefficient, o, for the heterogeneous reduction of TATP is 0.245/n.
Digital simulation of the voltammetric data and bulk electrolysis shows that this

reduction takes place via a two-electron mechanism. Taken together, my experimental
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results for the reduction of TATP are consistent with a large body of scientific literature
involving the electrochemistry of organic peroxides.

An electrode coated with a Nafion membrane containing a presently unidentified
contaminant catalyzed the reduction of TATP degradation products in aqueous acidic
solutions. A distinct increase in the voltammetric peak current was observed upon
reduction of the contaminant in the presence of the TATP treated with an aqueous HCI
solution at pH 1.2. No increase in the peak current was observed when the TATP was
treated with solutions of pH 2.25 or greater. The Nafion solution purchased from Sigma-
Aldrich appears to be the source of the contaminant. When a Nafion coated electrode
was submerged in an aqueous HCI solution and FeCl; was added, a rapid uptake of
electroactive material, Fe**, was observed. The voltammetric wave for the Fe**/Fe?*
couple appeared at the same potential as the wave for the contaminant. The qualitative
experiments described in this chapter suggest that the contaminant is likely iron, and
because of the examples presented in the literature that show that iron/Nafion membranes
can catalyze the reduction of hydrogen peroxide, further analysis of iron/Nafion coated
electrodes would be a good starting point for future investigations [104, 112].

Utilizing mediated electron transfer to reduce TATP is not trivial. This chapter
demonstrates that many reduced species show little or no reaction with TATP. Mediated
electron transfer reactions occurred between TATP and each of the electrochemical
reduction products of Ru(bpy)s®* that were tested (Ru(bpy)s'*, Ru(bpy)s°, and
Ru(bpy)s™). Electrochemically generated Ru(bpy)s™* reacts catalytically with TATP, and
further analysis of this reaction showed the mediated electron transfer reaction shifts the

reduction of the peroxide in the positive direction by +550 mV to -1.70 V vs. ferrocene in
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acetonitrile solutions. This +550 mV shift in potential for mediated reduction of TATP is
a significant improvement over the highly negative potential for direct reduction of TATP
at an electrode surface. The mediated electron transfer reaction that was demonstrated in
this chapter may serve as a guide to future research into the electrochemical detection or

destruction of TATP.
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Chapter Three
Bridged Nanojunctions via the Electrochemical Polymerization of Aniline and Pyrrole
Introduction

Conducting polymers are a class of conjugated organic molecules that have the
electronic properties usually associated with semiconductors. In most cases the neutral
state of the polymer is insulating. Upon oxidation (p-doping) the polymers become
electrical conductors due to the formation of polarons. A polaron is a charge carrier (an
electron or hole) and the accompanying structural deformation caused by the localized
charge [1]. Polarons can also be formed through the reduction of the polymer (n-doping),
although stable n-doped conducting polymers, like poly(3, 4-ethylenedioxythiophene),
are rare [2]. Polarons formed upon oxidation of a polymer film allow for charge transport
within a single chain of the polymer. Transport between chains occurs through a hopping
mechanism [3]. The electronic properties of the conducting polymer are influenced by its
structural uniformity and by the number of charge carriers. Two of the most commonly
studied conducting polymers are polyaniline and polypyrrole, which have been used in
applications ranging from corrosion protection [4-9] to photovoltaics [10-12]. A great
deal of interest has also been given to the use of conducting polymers, like polyaniline
and polypyrrole, in sensors, because of the sensitivity of their electronic properties to

changes in the chemical environment [3, 13-22].
Variation of the synthetic method used to produce a conducting polymer is one
way to control the structural uniformity, and influence the electronic properties of the
polymer. Many different methods for preparing conducting polymers can be found in the

scientific literature, but the vast majority can be categorized as either homogeneous or
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heterogeneous oxidations, the latter generally occurring at electrode surfaces.
Homogeneous oxidations are typically performed by dissolving the monomer into
solution and then adding an oxidant, such as Fe®" [23]. This usually results in the
precipitation of the insoluble polymer that can be used for a specific application or
studied further. Heterogeneous electrochemical polymerizations generally involve the
electrochemical oxidation of a monomer directly at an electrode surface. In general, the
polymerization takes place via coupling of radical cations formed at the electrode surface.
In appropriate solvents, the coupled species precipitate onto the electrode leaving behind
a stable film [24-26]. Soluble conducting polymers can be generated by adding polar
functional groups to the monomer or by incorporating water soluble support polymers,
like poly(4-styrenesulfonate) [27-30]. In this thesis all of the conducting polymers
examined were prepared via heterogeneous electrochemical deposition onto electrode
surfaces.

The specific methods and conditions used to electrochemically polymerize a
monomer at an electrode surface influence the morphology and conductivity of the
resulting films. For example, Vork and Janessen found that polypyrrole films
electrochemically deposited from acetonitrile solutions were dense and uniform, while
those formed form aqueous solutions had a tube-like structure [31]. A contradictory
account was reported by Carquigny et al. who found that films electrochemically
deposited from acetonitrile were thin and non-uniform, while those formed from water or
1% water in acetonitrile were uniform and dense [32]. Kim et al. found that polyaniline
grown potentiodynamically using cyclic voltammetry (CV) at 20 V/s in an agueous

sulfuric acid solution produced films that were dense and uniform, in contrast to films
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grown at 50 mV/s, which were amorphous and rough [33]. Dinh et al. reported that the
electrochemical polymerization of aniline by cycling at lower potentials (0-1 V vs. a
reversible hydrogen electrode) in aqueous solution resulted in films that were denser and
more conductive than those formed by cycling to higher potentials (1.7 V) [34]. Upon
oxidation of a conducting polymer, the film must incorporate anions to maintain
electroneutrality. Diaz et al. found that the choice of counterion incorporated into the
polymer film influences the stability of the polymer, as well as its electronic properties
[35].

The eventual goal of the work presented in this chapter was to develop a sensor
device based on conducting polymers. The vast amount of research already performed on
the synthesis of conducting polymers, some of which is contradictory, makes it difficult
to predict exactly what polymerization conditions to use for new research projects.
Ultimately, it becomes necessary to start somewhere and worry about optimization as the
need arises in the specific system being studied. In the case described in this thesis, the
system sought was an electrochemical sensor for strong oxidants, in particular oxidants
that might be used as explosives.

One of the primary goals of most analytical techniques or sensors is a low limit of
detection. In 1995 Fan and Bard used scanning electrochemical microscopy (SECM) to
demonstrate the detection of a single molecule in solution [36]. In the arrangement
developed by the authors, a SECM tip was placed approximately 10 nm above a
conductive substrate. In this configuration they were able to trap a single electroactive
molecule in the gap and measure the current produced as it “bounced” back and forth

between the oxidizing tip and the reducing substrate. Based on the simple diffusion
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model, x=y/2Dt where x is the distance traveled, D is the diffusion coefficient and t is the
time, they were able to predict the current produced by a single trapped molecule at a
given tip-substrate distance. For example, if the tip was 10 nm from the substrate, as it
was in their experiment, a molecule with a diffusion coefficient of 1x10°cm%s can
traverse the gap between the electrodes 2x10” times per second. If an electron transfer
event occurs each time the molecule approaches either the tip or the substrate, 2x10’
electrons are transferred each second. Multiplying the number of electrons by Faraday’s
constant and dividing by Avogadro’s number leads to the conclusion that a current of
approximately 3 pA should be observed. The authors observed that the experimental
results matched this diffusion based model.

The premise for the work presented in this chapter is that the principle of single
molecule detection through a current amplification caused by trapping an electron
“shuttle” in a small area can be extended to other systems. The basic design used in this
work was one in which two gold electrodes were separated by a gap of approximately 50-
200 nm. The gap was bridged by heterogeneous electrochemical polymerization of either
polypyrrole or polyaniline, although a variety of other conducting polymers could be
used in principle. For the device to work as a sensor, a bias would be applied across the
gap while the polymer is in its neutral/insulating state. When an analyte strikes the
polymer film and oxidizes, it a polaron would form. In this configuration the polaron
would be confined to the polymer film on the electrodes, and, due to the bias, it would
move from anode to cathode. Upon reaching the cathode and becoming reduced, a new
oxidized site must be generated to conserve charge balance within the film. This cycle

would then repeat and result in a relatively large current response to a single oxidation
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event. In principle, this amplification could be used to detect single molecules of gas
phase analytes. The overall goal of the work presented in this chapter was to create a
device that could take advantage of this amplification and extend it to the detection of
triacetone triperoxide (TATP). More specifically, the work focuses on examining
polymerization methods in an attempt to create junctions applicable to such a system.

Experimental

Preparation of the Substrate: Silicon wafers (Silicon Quest International, Inc.,

Santa Clara, CA) were cleaned with isopropyl alcohol then water and dried with flowing
nitrogen. Negative tone photoresist (ma-N 1410, Micro Resist Technology, Berlin,
Germany) was applied via spin coating at 3000 rpm for 30 s in a dark room to protect the
samples from light. The spin coating procedure, according to the manufacturer, resulted
ina 1 um film thickness. From this point in the procedure, the samples were protected
from light during transport outside the darkroom. The samples were then heated on a
hotplate at 100°C for 90 s. An appropriate mask was placed above the sample then the
sample was irradiated using a UV lamp at 200 watts for 20 s. After being exposed, the
wafers were placed in developer solution (ma-D 533S, Micro Resist Technology, Berlin,
Germany) for approximately 30 s and then washed with water. The developing stage was
monitored via a filtered light microscope to guarantee that the edges of the pattern were
well defined. If the edges were not well defined, the sample was placed back into the
developer solution for 10 s increments until well defined edges were achieved.

After the lithographic procedure was completed, approximately 5 nm of
chromium and then approximately 50 nm of gold were sputter coated onto the substrates

using the 3M magnetron sputtering system located in the University of Nebraska
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Department of Physics and Astronomy (Lincoln, NE). After the metal deposition, the
remaining resist was removed using acetone. A SEM micrograph of the resulting
patterned electrodes is shown in Figure 3.1 (top).

The next step was to use Focused lon Beam (FIB) milling to introduce a
nanoscale gap. FIB milling uses a focused beam of gallium ions, which is produced by
an ion column similar to those used in scanning electron microscopes, to ablate the
surface of a sample. This technique can be used to incorporate arbitrary and sometimes
complex patterns into substrates [37-39]. Adjusting the parameters of the ion beam, like
the accelerating voltage, beam current, and the angle of incidence allows one to control
the ablation of the sample [39]. Ben Wymore performed the FIB milling of the samples
used in this chapter. For this work, the accelerating voltage of the ion beam was set to 30
keV, the beam current was set to 11 pA, and the angle of incidence was normal to the
surface of the sample. The patterned metal electrodes were cut using the gallium ion
beam to create two electrodes separated by a nanoscale gap. Generally, these gaps were
50-200 nm wide. A typical gap is shown in Figure 3.1 (bottom).

Electrochemical Polymerization Cell: The electrochemical cell design was based

on one used previously by others in Professor Redepenning’s research group [37, 38].
Electrical connections to the patterned, sputter coated, electrodes were made via

ultrasonic welding of gold wire. After the electrodes were connected to external leads, a
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10.0kV 12.5mm x250 SE(V)

Au Electrode

—_—

Au Electrode ™,

10.0kV 12.5mm x15.0k SE(U)

Figure 3.1. SEM micrograph of the patterned electrodes used for electrodeposition of
conducting polymers (top), and an example of the junction area cut between the two
electrodes using FIB milling (bottom).
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silicone gasket was placed on top of the silicon chip and a solvent reservoir was attached
to the top of the cell. The reservoir contained a platinum wire to act as a counter
electrode. The reservoir was filled with an electrolyte or polymer deposition solution,
and a silver wire was dipped into the solution to act as a pseudo-reference electrode. A
photograph of the components of this cell is shown in Figure 3.2.

Electrochemical Polymerization Procedure: The polymerization bath for aniline

was generally a 1 M aqueous sulfuric acid (Fisher, Waltham, MA) solution containing
approximately 20 mM aniline monomer (Sigma-Aldrich, St. Louis, MO). Polypyrrole
was generally deposited from solutions in acetonitrile (Acros, extra dry, New Jersey,
USA) containing 100 mM tetrabutylammonium hexafluorophosphate (TBAPFg, Sigma-
Aldrich, St. Louis, MO) and approximately 10 mM pyrrole (Sigma-Aldrich, St. Louis,
MO). The specific polymerization bath and conditions for the nanojunction devices
discussed below are listed in Table 3.1.

Aniline and pyrrole both degrade over time in air and take on a yellow or brown
color associated with unspecified oxidized species. These species were removed
chromatographically by passing the monomer through a column of alumina (Fisher,
chromatography grade, 80-200 mesh, Fair Lawn, NJ) that had been activated at 500°C for
18 hours prior to use. The chromatography was performed in a nitrogen atmosphere
glove box by plugging the bottom of a disposable pipette with glass wool, partially filling
the pipette with alumina, and placing the “as received” monomer onto the column
directly without any additional solvent. The polar contaminants adsorbed on the polar
stationary phase to produce clear and colorless liquids, which were then used for the

polymerization baths.
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Figure 3.2. Photograph of the components of the electrochemical cell used for polymer

deposition (top) and a side view of the assembled cell (bottom).



Table 3.1.

potentials used for the nanojunctions discussed in this chapter.
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The polymerization bath compositions and the working electrode (WE)

WE 1 WE 1
Monomer Maximum :Minimum: Scan
Junction |concentration: Potential | Potential | rate WE 2
ID (m) (V) (V) (v/s) Conditions
Polyaniline

1 0.022 0.7 -0.4 0.1 Fixed at -0.35 V

Fixed at -0.45 V
2 0.022 0.7 -0.45 0.1 1 polymerization cycle
3 0.025 0.7 -0.4 0.1 Scanned with WE 1

Scanned with WE 1 for 40 cycles
4 0.025 0.7 -0.45 0.1 Uncontrolled for final 3 cycles
5 0.029 0.7 -0.4 20 Scanned with WE 1
4] 0.032 0.7 -0.4 20 Fixed at -0.3V
7 0.025 0.7 -0.6 20 Fixed at -0.3 V
Polypyrrole
1 0.015 1.5 -0.2 0.1 Fixed at OV
Fixed at OV

2 0.007 1.1 -0.2 0.1 2 polymerization cycles
3 0.01 0.95 -0.4 0.1 Fixed at-0.3V
4 0.007 0.9 -0.8 0.1 Uncontrolled
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After the cell was assembled, a monomer free electrolyte solution was added to
the solvent reservoir and the electrodes were cycled until a stable, reproducible, charging
current was observed. This cycling was done to make sure that the electrode surface was
clear of contaminants before polymer deposition.

The polymerizations were performed via cyclic voltammetry using a
bipotentiostat (CHI 760C, Austin, TX). One of the working electrodes (WE 1) was
cycled between a potential at which the monomer was oxidized and polymerization
occurred, and a potential at which the deposited polymer film was neutral/insulating and
no growth occurred. The potential of the other electrode (WE 2) was fixed at a single
value, cycled along with WE 1, or left uncontrolled, depending on the specific
experiment. Examples of the various deposition methods are discussed in the
experimental results.

Characterization: Much of the characterization was done by interpreting scanning

electron microscopy (SEM) images of the junctions after the electropolymerizations. The
images in Figure 3.26 were collected by Dr. Andrei Sokolov of the University of
Nebraska Department of Physics and Astronomy (Lincoln, NE); all other images were
obtained by me using a Hitachi S4700 Field-Emission SEM (University of Nebraska,
Lincoln, NE). Length measurements from the SEM images were made using the free
software ImageJ developed by the National Institutes of Health (Bethesda, MD). Some
polymer junctions were also subjected to conductivity testing via DC (cyclic
voltammetry, and potentiostatic experiments) and AC (AC impedance) methods. All

conductivity testing was performed using the same CHI 760C bipotentiostat.


http://unlcms.unl.edu/biotech/node/391
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Results and Discussion

Polyaniline: The goal of this project, as mentioned in the introduction, was to
develop a vapor phase sensor for TATP. It is well known that aniline reacts, sometimes
violently, with peroxides [40]. Considering this reactivity, and the fact that polyaniline is
a commonly used conducting polymer, | attempted to use polyaniline to bridge the gap
between the patterned electrodes. There were two additional enticements for the choice
of polyaniline. One was that it had been demonstrated that control of the morphology of
polyaniline could be achieved by relatively simple means, like controlling the potential
sweep rate during heterogeneous electrochemical polymerization, changing the pH of the
deposition solutions, or using different anions as dopants [33, 41, 42]. The other lure was
the demonstration by He et al. of discrete conductance switching from the insulating to
conducting states of polyaniline nanowires bridging small gaps between electrodes [43].

An example of a typical heterogeneous electrochemical polymerization of aniline
on a gold disk electrode is shown in Figure 3.3. Yang and Bard analyzed the mechanism
for the polymerization of aniline in sulfuric acid solutions and were able to identify the
peaks in the voltammogram shown in Figure 3.3 [44]. The magnitude of the current in
the voltammogram increases with increasing cycle number due to the growth of the
electroactive polymer film. The lower voltammogram in Figure 3.3 is the last
voltammetric cycle of the polymerization. The peaks at 0.02 V and 0.52 V on the
positive sweep correspond to the polaron and bipolaron oxidations of the polymer film.
The peaks on the negative sweep at 0.46 V and -0.14 V are the reduction of the bipolaron

and polaron states, respectively. The peaks in the intermediate region correspond to the
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Figure 3.3. A typical cyclic voltammogram showing the electrochemical polymerization
of aniline at a gold electrode from a 20 mM solution of aniline in 1 M sulfuric acid at a
scan rate of 100 mV/s (top). The final cycle of the polymerization displaying the peaks
associated with the various oxidation states of the polymer (bottom). On the forward
sweep from -0.5 V to -0.1 V, the film is in the leucoemeraldine state; between -0.1 V and
0.4 V, the polymer is in the emeraldine state; and at potentials more positive than 0.4 V,
the film is in the pernigraniline state.
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byproducts benzoquinone/hydroquinone (ca. 0.25 V) and p-
aminophenol/benzoqunoneimine (ca. 0.3 V) [44].

Polyaniline is electrochromic [45, 46]. The neutral, polaron, and bipolaron states
are named leucoemeraldine, emeraldine, and pernigraniline, respectively, based on the
colors associated with their oxidation states [45].  The polymer changes from a clear
yellow to a blue-green color as it switches from the neutral/insulating state to the polaron
oxidized/conductive state. Oxidation of the polymer to the bipolaron state causes the
color to turn black. This electrochromic property can be used to visually determine if a
polymer film has been formed on the electrode surface and to determine which oxidation
state the film is in. This property has also been used to create prototypes of adjustable
light filtering windows [47, 48].

Polyaniline Nanojunction 1: A polymerization of aniline onto a nanojunction was

attempted using a solution containing 22 mM aniline in 1 M aqueous H,SO,4. For this
experiment, WE 1 was cycled at a scan rate of 100 mV/s. The polymerization resulted in
an identifiable connection between the electrodes in the junction. Figure 3.4 displays the
voltammogram recorded during the polymerization (top) and the voltammogram that
indicated an electrical connection occurred between WE 1 and WE 2 (bottom). The spike
in the current at WE 2, which was held at a fixed potential of -0.35 V (vs. reference),
provided evidence that a connection between the working electrodes had formed. The
connection between the working electrodes occurred when WE 1 was at a potential of 0.1
V (vs. reference). It is interesting that the connection between the nanojunction

electrodes did not occur at potentials where the aniline monomer typically oxidizes, in
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Figure 3.4. The cyclic voltammogram of the polymerization of polyaniline onto
nanojunction 1 (top). The WE 2 current in the top voltammogram traces the x-axis. The
connection between the electrodes occurs upon oxidation of the film, as evidenced by the
current step seen at both WE 1 and WE 2 (bottom). The current at WE 2 went off scale
at 1 pA.
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this case at approximately 0.7 V (vs. reference). Here the connection occurred upon
oxidation of the polymer film to the polaron state.

Two factors help to justify this observation. First, the polymerization of aniline
takes on an autocatalytic mechanism after the initial formation of a polyaniline film [49-
51]. The second factor is that the polymer film swells upon oxidation. This swelling
occurs because anions and solvent are incorporated into the polymer to maintain
electroneutrality, as has been studied previously by Lizarraga et al. [52].

To estimate the resistance of the connection between the working electrodes in the
device, | bathed the junction in a monomer free electrolyte solution (1M H,SO,) and
performed a differential scan cyclic voltammetry experiment. During the experiment, a
potential sweep was applied to both working electrodes vs. a silver wire while a constant
potential difference of 10 mV was maintained between WE 1 and WE 2. The results of
this experiment are shown in Figure 3.5. The current is plotted vs. time rather than
potential to better display the current passing between the working electrodes.

One would expect the response of WE 1 during the differential scan voltammetry
experiment to be similar to the response of the same electrode during the polymerization
because the experiments were qualitatively similar (i.e., a potential sweep was applied to
an electrode coated with polyaniline). For the differential scan voltammetry experiments
performed in this work, one can usually attribute deviations from the typical
voltammogram obtained during polymerization (Figure 3.4, top) to currents passing
between the two working electrodes in response to a potential difference. For example,

when a connection formed between the two working electrodes during the polymerization
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Figure 3.5. The differential scan cyclic voltammogram of polyaniline nanojunction 1
plotted as a function of time. Both electrodes were swept vs. a silver wire while a
constant potential difference of 10 mV was maintained between WE 1 and WE 2. Plotted
are the current at WE 1 (solid line), the current at WE 2 (dashed line), and the potential of

WE 1 vs. the silver wire (dotted line).

140

0.8
0.6 S
o
0.4 =
b0
<
02 ¢
©
0 €
2
g
-0.2
-0.4



141
(Figure 3.4, bottom) a current step occurred due to the potential difference between WE 1
and WE 2.

The currents recorded during the differential scan voltammetry experiment were
significantly larger than those observed during polymerization. During the first potential
sweep of the differential scan voltammetry experiment (Figure 3.5, from 0-22 s), the
current at WE 1 began at nearly 600 pA, dropped to approximately -30 pHA near the
switching potential, and then gradually rose before spiking to almost 6 mA. The current
at WE 2 remained at roughly 600 pA through most of the first voltammetric cycle, then
rose to approximately 1 mA near the end of the cycle. The cause of the responses
recorded during the first cycle of the differential scan voltammetry experiment are not
clear, though based on the responses recorded during the second cycle | suspect a short
circuit was present somewhere in the system.

Constant currents of approximately -30 pA and 500 pA for WE 1 and WE 2,
respectively, were recorded during the second voltammetric cycle, as shown in Figure 3.5
(from 22-44 s). The magnitude of the maximum current recorded during the
polymerization was approximately 2 pA, as shown in Figure 3.4. The relatively low
currents associated with the redox processes of the polymer film led me to conclude that
the majority of the current measured during the second cycle of the differential scan
voltammetry experiment was passing between the working electrodes. A current of 500
MA passing through the junction seemed improbable if the connection between the
working electrodes were composed of conducting polymer. A current of 500 pA with a
potential difference of 10 mV corresponds to a resistance of 20 Q. If one estimates that

the size of the contact between the working electrodes in the junction was 100 nm in
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length with a cross sectional area of 50 nm?, the resulting conductivity of the connection

was 2 x 10° Sm™, as calculated using equation (3.1)
o=_— (3.1)

where o is conductivity, | is length, R is resistance, and A is the cross sectional area. This
value is similar to those measured for metals like platinum [53]. In contrast, the
conductivity of polyaniline has been reported to range from approximately 0.1 Sm™ to
6000 Sm™ [54, 55]. | tried to verify the resistance measured during the differential scan
voltammetry experiment by measuring the resistance of the junction using a digital
ohmmeter after the device had been removed from the electrochemical cell. The
resistance of the junction exceeded the maximum value measureable by the ohmmeter,
which indicated that the electrodes in the junction were no longer connected. Previously
| had observed that over-tightening the screws holding the solvent reservoir onto the
electrochemical cell sometimes resulted in short circuits. These short circuits produced
voltammetric results similar to the one shown in Figure 3.5. | also observed that the
electrical connections that resulted from the over-tightened reservoir screws would not be
present after the devices were removed from the electrochemical cell. Based on my
previous experiences and the conductivity estimates discussed above, | concluded that a
short circuit, caused by over-tightening the reservoir screws, was the reason for the high
current observed in the second cycle of the differential scan voltammetry experiment.
Because the connection between the electrodes in the junction had been destroyed, I
proceeded to another sample. Regardless of the source of the relatively large current

measured by differential scan cyclic voltammetry, the results of this attempt to grow



143
polyaniline were promising because of the connection that occurred between the two
working electrodes during the polymer deposition experiment.

Polyaniline Nanojunction 2: The successful connection of the previous junction

prompted an attempt to repeat the polymerization using the same conditions but with one
small modification. One potential sweep was applied to WE 2 to deposit a small amount
of polymer. | hypothesized that the polymer might connect more strongly with polymer
than with the bare metal, and this would result in a robust connection that would allow
me to obtain SEM images of the intact junction.

An initial connection for this junction occurred during the 17" voltammetric
cycle. An additional voltammetric cycle was performed to strengthen the connection in
the junction and lower the resistance. The results of this additional cycle are shown in
Figure 3.6. The approximately equal and opposite current spikes observed in the data
shown in Figure 3.6 demonstrate that an electrical connection was present between the
electrodes. The initial current spike upon connection for this junction reached around
7x10° A. After the additional cycle, the current was as high as approximately 8x10™ A.

SEM images of the junction are shown in Figure 3.7. The distance between the
electrodes was 180 nm. The thickness of the polymer on the right electrode (WE 1),
when measured away from the tip of electrode, was 130 nm. The micrograph supports
the conclusion that a connection existed between the electrodes. The polymer on WE 1
(right) appeared to be relatively uniform in the area of the junction. The polymer on WE
2 was thin and nodular in appearance. Moving the junction from the polymerization cell
to the electron microscope and back resulted in a break in the connection and therefore no

further measurements were performed.
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Figure 3.6. Cyclic voltammogram of polyaniline nanojunction 2 during polymer
deposition. The mirrored currents show that a connection was formed between the

electrodes in the junction. WE 1 was swept at 100 mV/s. WE 2 was fixed at -0.45 V
(vs. reference).
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Figure 3.7: SEM micrograph of the junction area of polyaniline nanojunction 2. WE 1 is
on the right. Polyaniline was present on both electrodes. The polymer on WE 1 had a
relatively smooth texture. The polymer on WE 2 had some modules on the surface.
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Polyaniline Nanojunction 3: Transporting the devices described in this chapter

without destroying the fragile polymer junction area was a frequent challenge. |
attempted to grow a relatively large amount of polymer in some junctions to form
connections that were more robust. One such junction was prepared by polymerizing on
both electrodes simultaneously for 40 cycles from bath similar to those used previously.
| assumed that 40 cycles of polymerization at each electrode would produce such a large
amount of polymer that the electrodes would be completely covered, and that this
procedure would result in a robust connection between the electrodes. | chose 40 cycles
because of the previous observation that approximately 20 cycles on one electrode was
sufficient to bridge the gap between the two electrodes in the junction. The final two
cycles of this polymerization are shown in Figure 3.8. The shape of the voltammetric
response indicates a film of polyaniline was successfully deposited on each electrode.
Figure 3.9 shows the SEM micrograph of the junction. The films on the
electrodes looked relatively uniform and smooth, just like the previous example, (Figure
3.7) which was produced under the same polymerization conditions. The SEM image in
Figure 3.9 shows that there was a relatively large amount of polymer on both electrodes,
and it appears that the polymer grew near the junction area, particularly on WE 2 (right).
This image might lead one to conclude that a connection existed between the electrodes.
To test whether a connection was truly present, | performed a differential scan
cyclic voltammetry experiment. During the voltammetric potential sweep, a constant 60
mV potential difference was maintained between the two working electrodes. If there
were a connection between the electrodes, one would expect that the 60 mV potential

difference in this experiment would produce voltammograms that were offset due to the
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Figure 3.8. The voltammogram of the final two voltammetric cycles during
polymerization for polyaniline nanojunction 3. Both electrodes were cycled through the
full potential range 40 times at 100 mV/s to deposit a large amount of polymer on each.
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Figure 3.9. SEM micrograph of polyaniline nanojunction 3, showing polymer on both
electrodes. WE 1 is on the left.
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Figure 3.10. The differential scan cyclic voltammogram of polyaniline nanojunction 3.
A 60 mV differential was maintained between WE 1 and WE 2 during the potential
sweep. The shape of the voltammograms indicates that a polymer film is on both
electrodes, but the voltammograms do not appear to show a connection between the
electrodes.
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current flowing between the working electrodes. Figure 3.10 shows that the
voltammogram for each electrode in monomer free 1 M H,SO4 solution displayed the
typical characteristics of an electrode coated with a polyaniline film, but there appeared
to be no current offset even though the voltammograms showed the expected potential
offset. Despite evidence to the contrary in the SEM images, a logical conclusion of these
observations is that this junction remained "open" (i.e., that the polyaniline had not

successfully traversed the gap).

Polyaniline Nanojunction 4: A large amount of polymer that connected the two
working electrodes in a junction was deposited using a 25 mM aniline solution with 1 M
aqueous H,SO, as supporting electrolyte.  The potentiodynamic electrochemical
polymerization was performed at a scan rate of 100 mV/s. Polymer was deposited on
both electrodes for 43 cycles, followed by 3 cycles on only WE 1. | stopped the
polymerization when | observed an increase in the noise during the final three cycles to
investigate the source of the noise. Figure 3.11 shows the voltammogram of the final
three cycles of the polymerization.

As is seen in Figure 3.12, cycling the working electrodes at 10 mV/s while
maintaining a fixed potential difference of 10 mV between WE 1 and WE 2 resulted in
voltammograms exhibiting a current caused by the 10 mV potential difference. A similar
result was seen by He et al. in their conducting polymer junctions after deposition of a
relatively large amount of polymer [56]. The SEM micrograph (Figure 3.13) shows that
a significantly larger amount of polymer was deposited on these electrodes compared to

the junctions discussed previously.
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Figure 3.11. Cyclic voltammogram of the final three polymerization cycles for
polyaniline nanojunction 4.
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Figure 3.12. The result of a differential scan cyclic voltammogram performed on
polyaniline nanojunction 4. A constant potential difference of 10 mV was maintained
between WE 1 and WE 2 while both electrodes were swept at 10 mV/s. The curved
response is indicative of a connection between the electrodes.
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Overall, the utility of this junction for further analysis was limited by the fact that

the amount of polymer was so large that the junction was no longer visible in the SEM

micrograph. The real successes of this experiment were that the deposition conditions

resulted in a connection between the electrodes and that the junction exhibited electronic
properties qualitatively similar to those reported elsewhere [56].

Polyaniline Nanojunction 5: As noted above, the scan rate used during

polymerization can affect the morphology of the resulting polymer films. Yang et al.
noted that using scan rates of 20 V/s resulted in polyaniline films that were more uniform
than those produced at slower scan rates [33, 44]. | applied faster scan rates to the
polymerizations in my work to see what effect the adjustment of the scan rate would have
on both the electrical connection and the morphology of the polymer junctions.

An interesting case occurred the first time this procedure was attempted, and this
case illustrates one of the problems | occasionally encountered with polymerizations
across nanoscale gaps. Figure 3.14 shows three SEM micrographs. The first (Figure
3.14, top-left) was obtained after 7713 voltammetric cycles on both electrodes at 20 V/s.
A relatively thick (225 nm) film of polymer was formed on each electrode, but the
polymer was only deposited in the area away from the junction. The top-right image in
Figure 3.14 shows the same junction after an additional 8000 voltammetric cycles. The
bottom image shows the junction again, after another 9250 voltammetric cycles. Both
the top-right and bottom images show that a large amount of additional polymer was
deposited, but only in the areas away from the junction. It is unclear why the polymer
did not grow in the junction area of this particular sample initially. A reasonable

hypothesis is that a small bubble may have been blocking the area. Additional polymer
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Figure 3.14. SEM images of polyaniline nanojunction 5 after the initial polymerization
(top left), as well as a second (top right), and third (bottom) polymerization. Large
amounts of polymer formed all over the electrode but not in the junction area.
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growth on the areas where polymer had already been deposited is expected, because it
has been shown that after the formation of an initial polymer film the overpotential
required to continue the polymerization decreases [57].

Polyaniline Nanojunction 6: The 225 nm thick polymer film formed at 20 V/s

during the initial polymerization in the previous example was relatively uniform. This
uniform film led me to use faster scan rates during polymerization on other junctions.

In this example, a 20 V/s scan rate was applied to WE 1 while WE 2 was fixed at
-0.3 V (vs. reference) during the deposition. A connection was achieved after 2250
cycles. 1 analyzed the connection using cyclic voltammetry in a monomer free 1 M
H,SO, (aqg) solution at a scan rate of 100 mV/s. The potential of WE 2 was fixed at -0.3
V (vs. reference) during the CV. The result of this experiment is shown in Figure 3.15.
In the 2250th cycle, the current at WE 2 jumped from 1 x 10®A to 2 x 107A as the
potential of WE 1 approached 0.4 V (vs. reference), and the current remained elevated
until the potential of WE 1 had swept back to approximately 0 V (vs. reference), at which
point the current dropped back down to approximately 1 x 10”° A. This result indicated
that a connection was present between the electrodes. It also demonstrated that the
current flowing between the working electrodes when the polymer was in the oxidized
state was relatively high when compared to the current flowing between the electrodes
when the polymer was in the neutral state. The SEM micrograph in Figure 3.16 shows
that a bundle of polymer fibers was present directly in the junction area.

This device was used as a test case to find out if polyaniline junctions would be
responsive to interaction with TATP. For this test, | bathed the junction in a solution of

100 mM TBAPFs in acetonitrile. As mentioned above, changing the electrolyte can
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Figure 3.15. A cyclic voltammogram in clean 1 M H,SO, of polyaniline nanojunction 6.
WE 1 was cycled at 100 mV/s, while WE 2 was held fixed at -0.3 V (vs. reference). The
current trace at WE 2 indicates that a connection was present between the working
electrodes.



Figure 3.16. SEM micrograph of polyaniline nanojunction 6 showing fibrous polymer in
the junction area. WE 1 is on the right.



159
change the conductivity of a conducting polymer. | cycled the potential of both WE 1
and WE 2 in the TBAPFg solution until a consistent response was observed. | did this to
minimize the effect of changing the electrolyte, and to verify that the polymer still
became conductive upon oxidation. The voltammetric response of the film in the
TBAPF¢ solution is shown in Figure 3.17. The response in the TBAPFg solution was
different than it was in the sulfuric acid solution, but the film still became more
conductive upon oxidation. The potential of the working electrodes was positioned at -
0.4 V (vs. reference) to switch the film to the neutral/insulating leucoemeralidine state.
The oxidation state was verified by observing that the film was a clear yellow color. The
impedance of the junction was monitored by shorting the potentiostat’s counter and
reference electrode leads to one side of the junction and attaching the working electrode
lead of the potentiostat to the other side of the junction. The impedance was monitored
over time by applying a 5 mV amplitude AC signal across the junction at 100 Hz. Figure
3.18 shows that the impedance of the junction drifted slightly over time, but was
generally consistent. Figure 3.18 also shows that the addition of TATP had little effect
on the impedance. The result was discouraging and indicated that a control experiment
should be performed using a different analyte to verify that the polymer film could be
oxidized by a solution phase chemical oxidant. The control experiment was not
performed on this junction because the electrical connection between the electrodes was
destroyed by the accidental application of a large potential across the junction. | repeated
the TATP experiment and performed the control experiment on another sample, as

discussed below.
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Figure 3.17. The cyclic voltammogram of polyaniline nanojunction 6 recorded at 100

mV/s after moving the device from aqueous sulfuric acid to 100 mM TBAPF; in
acetonitrile.
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Figure 3.18. The impedance response of polyaniline nanojunction 6 bathed in 100 mM
TBAPFg/acetonitrile in its reduced state before and after TATP was added to the solution.

The response does not differ greatly, indicating that the TATP did not significantly affect
the junction resistance.
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Polyaniline Nanojunction 7: The fibrous morphology of the polymer in the

previous example prompted the preparation of another junction using similar conditions,
but with a slight modification to see if a smoother polymer film would be produced. For
this device, | fixed the potential of WE 2 at -0.3 V (vs. reference), just as it was in the
previous example, but | set the negative limit of the potential sweeps of WE 1 to -0.6 V
(vs. reference), rather than -0.4 V (vs. reference). It appears, based on the SEM
micrograph in Figure 3.19, that the procedural change resulted in a more globular
polymer morphology on this electrode when compared to the previous example (Figure
3.16).

The mirrored currents in the cyclic voltammetric experiment shown in Figure 3.20
(WE 2 fixed at -0.3 V) demonstrate that a connection was present between the working
electrodes. The resistance of this connection was much lower than the previous example
(polyaniline nanojunction 6). For polyaniline nanojunction 7, the resistance of the
junction, when the polymer was in the oxidized state, was on the order of 10° Q, as based
on the cyclic voltammogram shown in Figure 3.20.

The response of the impedance of this junction to the addition of chemical
oxidants dissolved in solution was tested using the same procedure as in the previous
example. Initially, TATP was added to verify the previous result. Again, the addition of
TATP did not result in a change in the impedance. The solution in the reservoir was
replaced with fresh TBAPF; solution to remove the TATP, and then | began to monitor
the impedance of the junction over time. Approximately 200 s into the impedance

experiment, a drop of cold 3% hydrogen peroxide solution (aq) was added to the solvent
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Figure 3.19. SEM micrograph of polyaniline nanojunction 7 showing a connection
between the electrodes. WE 1 is on the left.
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Figure 3.20. The cyclic voltammogram of polyaniline nanojunction 7 in 1 M H,SO,
during which the potential of WE 2 remained fixed at -0.3 V. The large mirrored current
at more positive potential and lower current at more negative potentials indicate a
connection between the working electrodes composed of conducting polymer.
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Figure 3.21. The impedance response of polyaniline nanojunction 7 bathed in 100 mM
TBAPFg in acetonitrile. Hydrogen peroxide was added to the solution at approximately

200 seconds. A clear decrease in the impedance occurred indicating that the polymer
film was oxidized by the peroxide.
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reservoir. The concentration of peroxide in the cell was approximately 20 mM. Figure
3.21 shows that a large decrease in the impedance of the junction resulted immediately
after the addition of the peroxide. The initial drop in the impedance was followed by a
gradual increase. After about 80 s, the impedance settled at approximately 60% of the
initial value.

After the previous experiment with hydrogen peroxide, | performed a control
experiment. The electrolyte solution in the solvent reservoir was changed to remove the
peroxide, and the polymer film was switched to the leucoemeralidine state by stepping
the potential to -0.5 V (vs. reference). Then | began monitoring the impedance of the
junction with time under the same conditions as before. During this experiment, | added
a drop of cold water to the cell. The addition of the water resulted in an approximate
20% decrease in the impedance. The impedance of the junction then returned to its initial
value over approximately 80 s.

The stabilization time after the addition of pure water was similar to the
stabilization time after the addition of the cold aqueous hydrogen peroxide solution.
Based on this result, | concluded that the immediate decrease in the impedance in both
experiments was due to temperature fluxuation and/or changes in the solvation of the
polymer film, and that the stable 40% decrease in impedance after the addition of the
peroxide was due to the oxidation of the polymer film. These results demonstrated that
junctions bridged by polyaniline could be used in sensor devices, because oxidation of
the polymer film led to a distinct change in the conductivity of the junction.

Polypyrrole: Polyaniline was successfully used to form the bridging layer in

nanojunctions of the type described in this chapter. 1 also tested polypyrrole as a bridging
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species. As mentioned in the introduction, the scientific literature contains a voluminous
amount of research regarding the influence of polymerization conditions on the properties
of conducting polymers. As such, | began my experiments with polypyrrole using a
simple polymerization bath that was loosely based on the work by Lange and Mirsky [1].
In their original work, an acetonitrile solution containing 100 mM TBAPFs, 100 mM
pyrrole, and 1% water was used to grow polymer films that were approximately 1 pm
thick. | reduced the concentration of pyrrole in this bath, because the interest in this
project was growing polymer films to bridge 50-200 nm gaps between patterned
electrodes on silicon substrates. | also initially omitted the water in the interest of the
simplicity. A typical cyclic voltammogram for the heterogeneous electrochemical
polymerization of pyrrole on a gold disk electrode from an anhydrous acetonitrile
solution containing 100 mM TBAPFs and approximately 20 mM pyrrole is shown in
Figure 3.22,

The shape of the voltammogram shows that at potentials more negative than
approximately 0.3 V the polymer film was in the neutral/insulating state and little current
flowed in the cell. On the positive sweep, when the potential reached approximately 0.5
V, the polymer film oxidized. At approximately 1.3 V, the current began to rapidly
change, and a much higher oxidation current was observed. This rapid change in current
was the result of the oxidation of the pyrrole monomer. The magnitude of the current at
1.5 V increased with each successive cycle. The increase in the maximum oxidation
current with increasing cycle number was observed in many conducting polymers and
indicated that the overpotential required to oxidize the monomer decreased after a

polymer film has been deposited on the electrode surface [24]. A relatively high current
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Figure 3.22. Cyclic voltammetry associated with a typical polymerization of pyrrole

from a 15 mM pyrrole solution with 100 mM TBAPF¢ in acetonitrile on a gold disk
electrode.
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continued to pass on the negative potential sweep, until approximately 0.3 VV when the
polymer film reduced back to the neutral state. The current in the conductive state
increased with the cycle number. This increasing current indicated that the thickness of
the polymer film was increasing with each cycle.

Polypyrrole Nanojunction 1: An acetonitrile solution containing 15 mM pyrrole

and 100 mM TBAPFg was used to polymerize pyrrole onto a nanojunction, and the
polymerization resulted in a successful connection between the electrodes. The cyclic
voltammogram of the growth of the polymer on WE 1 and the current at WE 2 (fixed at O
V vs. reference) are shown in Figure 3.23. The general shape of the voltammogram for
WE 1 is the same as that shown in Figure 3.22. A spike in the current at WE 2 occurred
when the conducting polymer bridged the gap between the working electrodes. The
connection took 22 cycles. The cycling was stopped shortly after this connection was
made so that the smallest possible polymer connection could be characterized.

After the polymerization was stopped, | removed the monomer solution and
replaced it with a solution of the same electrolyte (100 mM TBAPFg in acetonitrile)
containing no monomer. Cycling the electrodes in this electrolyte solution resulted in the
voltammogram (WE 1) and current trace (WE 2, fixed at 0 V vs. reference) shown in
Figure 3.24 (top). When the potential of WE 1 was below about 0.3 V (vs. reference)
very little current flowed at WE 2 because the polymer was in the neutral/insulating state.
When the potential of WE 1 was swept to values that were more positive, the current at
WE 2 appeared to vary linearly with the potential difference between the working
electrodes. This linear relationship indicated that the junction was behaving like an

ohmic resistor, governed by Ohm’s law, V=iR, where V is voltage, i is the current, and R
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Figure 3.23. The voltammogram of the polymerization of pyrrole onto nanojunction 1
from a 15 mM solution of pyrrole in 100 mM TBAPFg/acetonitrile. The connection
between electrodes was indicated by the current spike at WE 2. The potential of WE 2
was fixed at 0 V (vs. reference).
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Figure 3.24: The cyclic voltammogram of polypyrrole nanojunction 1 in 100 mM
TBAPFg/acetonitrile (top). The potential of WE 2 was fixed at 0 V (vs. reference). The
current at WE 2 as a function of potential vs. WE 1 was used to calculate the resistance of
the junction (bottom).
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is the resistance. | used the slope of the best-fit line of the current-potential curve, shown
in Figure 3.24 (bottom), to calculate the resistance of the junction. The resistance, as
calculated by this method, was 1.12 x 10° Q.

The junction was not characterized in any other fashion because the polymer
connection between the electrodes broke when 1 tried to remove the device from the
electrochemical cell. The results obtained from this junction were encouraging because a

distinct connection between the working electrodes formed during the polymerization.

Polypyrrole Nanojunction 2: The growth on the previous junction took only 22
cycles to connect the two electrodes. | lowered the concentration of the monomer from
15 mM to 7 mM in an attempt to slow the growth rate. The junction used in this example
required 86 total cycles to bridge the gap between the electrodes. The results of the
polymerization are shown in Figure 3.25. As soon as | observed the connection, I
stopped the voltammogram in an attempt to preserve the smallest possible connection.

| obtained SEM images to gain perspective on the scale of the connection. A
collection of micrographs is shown in Figure 3.26. WE 1 is on the left in all the images
in the figure. The gap between the gold electrodes in this junction was 200 nm, when
measured from the tip of one gold electrode to the tip of the other. The polypyrrole film
appears to be relatively uniform and smooth. From the image in the lower left, it is
possible for one to see the thickness of the polymer film. The polymer thickness on WE
1 was 150 nm, when measured away from the electrode tip.

As mentioned above, 86 total voltammetric cycles were performed on this
junction before a connection was observed. Two of these cycles were performed on WE

2 to verify that the leads to the electrode were still intact. WE 2 appears to have a thin,
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Figure 3.25. The polymerization cyclic voltammogram (WE 1) and current trace (WE 2).
The spike in the current at WE 2 indicated a connection had formed between the two
electrodes in polypyrrole nanojunction 2.
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Figure 3.26. SEM images at various magnifications of polypyrrole nanojunction 2
showing a uniform layer of polymer on the left electrode (WE 1) and an apparent
connection between the two electrodes.



175
but still visible, layer on the surface. The thickness of this layer is 20 nm. If one assumes
that the thin layer appearing on WE 2 is polymer with a thickness of 20 nm, the
polymerization on this electrode took place at a rate of approximately 10 nm/cycle. A
deposition rate of 10 nm/cycle on WE 2 is rapid when compared to the deposition rate for
WE 1. The 150 nm thick polymer film on WE 1 was deposited over 84 voltammetric
cycles, which corresponds to a rate of 1.8 nm/cycle. The observed decrease in the
deposition rate is in accord with a report by Fan and Maier, in which they determined that
the deposition of polypyrrole takes place at a faster rate early on and that the deposition
rate decreases with increasing voltammetric cycle number [58]. Based solely on the SEM
images, it is not possible to identify the substance on WE 2 as polypyrrole, but if the
substance is polypyrrole, the observed difference in the apparent growth rate is consistent
with the previous report.

| used cyclic voltammetry to verify the presence of a conducting polymer on both
electrodes. The device was returned to the electrochemical cell, bathed in 100 mM
TBAPFg and the potential of both working electrodes was swept from -0.2 V to 1.1 V vs.
Ag wire. The results of this experiment are shown in Figure 3.27. The peak at
approximately 0.35 V on the positive potential sweep has previously been assigned to the
oxidation of polypyrrole. The similarity in the shapes of the voltammograms indicates
that the molecular structures of the polymers present on the electrodes are quite similar,
despite the polymers being quite different in thickness [59, 60].

The images in the lower left and lower right of Figure 3.26 appear to show a faint
filament connecting the two electrodes.  Upon returning the junction to the

electrochemical cell, I did not observe any evidence of an electrical connection. The
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Figure 3.27. The differential scan cyclic voltammogram of polypyrrole nanojunction 2,
during which a constant potential difference of 10 mV was maintained between the

working electrodes, showing that a polymer film was on both electrodes.
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open circuit strongly suggests that the filament broke while the device was in transit
between the electron microscope and the electrochemical cell used later to attempt to
characterize it.

It is possible to estimate the resistance of the original electrical connection based
on the current step observed in Figure 3.25. The current at WE 2 when the deposition
was stopped was 1.8 x 10® A. The potential difference between the electrodes at this
point was 0.713 V. Therefore, the resistance was 4.0 x 10" Q. If one assumes that the
bulk polymer acted as if it were a continuation of the metal electrode, and that the
filament observed in the SEM images in Figure 3.26 was the source of the resistance of
the connection, the conductivity of the polymer can be estimated using equation (3.1).
The filament connecting the two electrodes was approximately 20 nm wide and 50 nm
long. The thickness was more difficult to measure, but for the purposes of assessment, |
estimated it to be approximately 50 nm. The conductivity of the small polypyrrole
connection, using the conventional units, was 0.013 S/cm. Conductivity values for
polypyrrole as high as 300 S/cm, and as low as 0.001 S/cm have been reported-[61, 62].

Some useful observations can be made based on the results obtained from this
junction. The deposition rate can be reasonably well controlled by adjusting the solution
concentration, and the polymerization conditions used for this junction resulted in a
uniform polymer film on the surface of the electrode.

Polypyrrole Nanojunction 3: The polypyrrole connection between the electrodes

in the previous two examples ultimately failed. 1 believed that the junctions might have
been destroyed by static discharges. | hypothesized that increasing the conductivity of

the polymer would allow the polymer junction to carry larger currents and perhaps
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survive a static discharge. It has been reported that acetonitrile solutions containing 1%
water produce polypyrrole films with higher conductivity than those produced from
anhydrous solutions [57, 62]. As such, | attempted polymerizations with 1% water added
to the polymerization baths.

The polymerization baths with water included were largely unsuccessful in
producing polymer films that bridged the gap between the electrodes in the junctions. In
fact, only one successfully closed gap was achieved from a 1% water bath, and it is
unclear if the material that closed the gap was polymer or some other contaminant. A
current spike during polymer deposition, like those seen in the examples above, was not
observed for this junction. Figure 3.28 shows the results of two consecutive, identical,
cyclic voltammetry experiments. In these experiments, the potential of WE 1 was swept
and the potential of WE 2 was fixed at -0.3 V (vs. reference). The first experiment,
Figure 3.28 (top), showed no indication of connection between the working electrodes,
based on the lack of current at WE 2. The second experiment, Figure 3.28 (bottom),
displayed a linear relationship between the applied potential and the recorded current at
WE 2, indicating that a connection was present. | was skeptical that polypyrrole was the
source of the connection between the working electrodes, because | did not observe a
current spike, corresponding to a connection event, during the voltammetry used to
deposit the polymer. | decided to obtain SEM images of this junction to see if I could
identify the source of the connection between the electrodes. An SEM image of this
junction is shown in Figure 3.29.

The image shows a large dark region across the junction area. The visible

electrode area on the right of the image (WE 1) has some relatively bright globular
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Figure 3.28. During polymerization on polypyrrole nanojunction 3 two consecutive
experiments were preformed during which the potential of WE 1 was cycled and the
potential of WE 2 was held fixed at -0.3 V (vs. reference). The voltammogram from the
first experiment (top) showed no connection between the two working electrodes, based
on the low current observed at WE 2. The voltammogram from the second experiment
(bottom) did show a connection.
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Figure 3.29. SEM micrograph of polypyrrole nanojunction 3. The image shows a large
dark region covering the junction area and bright beaded regions on WE 1 (right).



181
formations on it. It is possible that these globular locations were conducting polymer. It
is also possible that the globular structures were gold that had beaded after a current
surge caused it to melt. The cyclic voltammetric data, discussed above, indicated that
polypyrrole was present on WE 1 during the deposition. However, no definitive
conclusions about this junction can be made from this image. As was the case for many
of the junctions described above, the connection across this junction also failed upon
returning the device to the electrochemical cell for subsequent characterizations.

| chose to abandon the use of deposition solutions containing water because such
solutions failed to produce any junctions that were clearly connected with conducting
polymer.

Polypyrrole Nanojunction 4: A more complete analysis of the resistance of a

conducting polymer junction was necessary to evaluate the utility of polypyrrole as a
bridging material for this system. For this analysis, | attempted to prepare a conducting
polypyrrole junction using an anhydrous solution of 7 mM pyrrole with 100 MM TBAPFg
in acetonitrile. The potential of WE 1 was cycled to form a polymer film. The potential
of WE 2 was not controlled in this experiment. The progress of the polymerization was
monitored by examining changes in the voltammetric current at the working electrode.
When a connection between the two patterned electrodes (WE 1 and WE 2) occurred, the
total surface area of the working electrode under potential control increased (from the
area of WE 1 and its connections, to the sum of the areas of WE 1 and WE 2 with their
connections), and as a result, the current increased. This connection event is clearly
evident in Figure 3.30. | verified the presence of the connection via SEM. The image in

Figure 3.31 shows that both electrodes were covered by a substantial amount of polymer
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Figure 3.30. The polymerization cyclic voltammogram for polypyrrole nanojunction 4.
The final twelve voltammetric cycles are plotted. The connection between the electrodes
in the junction was indicated by the relatively large increase in current during cycle 125.
The higher current is due to the increase surface area of the electrode. The potential of
WE 2 was not controlled during this experiment.
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Figure 3.31. SEM micrograph of polypyrrole nanojunction 4 showing polymer on both
electrodes. WE 1 is on the right.



184
and that the polymer bridged the gap between the electrodes. The surface of the polymer
film is covered with nodules that are approximately 100-200 nm in diameter.

The device was returned to the electrochemical cell to measure the change in the
resistance of the junction when the polymer was switched from the neutral to the oxidized
state. The resistance was measured in two ways. For one method, a constant potential
difference of 10 mV was maintained between the working electrodes. Then the potential
of both electrodes was stepped to various potentials with respect to the silver wire
reference, and the current was recorded. For example, one point in the graph shown in
Figure 3.32 was recorded when the potential of WE 1 was positioned at -0.5 V vs.
reference. For this point WE 2 was positioned at -0.49 V vs. reference, or 10 mV
positive of WE 1. The currents plotted in Figure 3.32 are the average current flowing
between the working electrodes over the last 20 s of a 60 s potential step. Using the
average value over the last 20 s of the step averaged the noise and eliminated
contributions from electrochemical double layer charging. As shown in Figure 3.32,
when the potential of the electrodes is negative enough for the polymer to be
predominately reduced and poorly conducting, the current is lower than the case when the
potential of the electrodes is more positive and the polymer is predominately oxidized
and conductive. The loosely sigmoid shape of this current response as a function of
potential is expected for such a material as it gradually changes between insulating and
conducting states.

The second method used to assess the resistance of the polymer junction was
performed by applying a potential difference between the working electrodes that varied

in magnitude from 10 to 50 mV. These potential differences were applied while the
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Figure 3.32. A constant potential difference of 10 mV was maintained between WE 1
and WE 2. The current between WE 1 and WE 2 is plotted as a function of the potential
of WE 1 (vs. reference). The increase in current at more positive potentials indicates that
the polymer switched from the neutral/insulating state to the oxidized/conductive state.
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Figure 3.33. The current between WE 1 and WE 2 at potential differences ranging from
10 mV to 50 mV. The resistance of the junction decreases when the polymer is switched
from the neutral to the oxidized state.
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polymer was in the insulating state and again when the polymer was in the conductive
state. The results of this experiment are shown in Figure 3.33. The linear character of
the data for both the neutral and oxidized forms of the polymer show that the junction is
behaving like an ohmic resistor. As such, the resistance was calculated from the slope of
the best fit lines shown in Figure 3.33. For this conducting polymer junction the
resistance of the polypyrrole in the neutral state was 2.90 MQ and the resistance in the
oxidized state was 1.51 MQ. While the resistance is high in both states, there is a clear
difference between the two. The distinct difference in the resistance of the polypyrrole
junction when the polymer switches oxidation states demonstrates that polypyrrole may
also work in sensor devices based on this design.

Conclusions: Polyaniline and polypyrrole were used to bridge gaps between gold
electrodes on the 100 nm scale using heterogeneous electrochemical polymerization. For
both polyaniline and polypyrrole, a distinct change in junction conductivity was observed
when the polymers were switched from the neutral/insulating state to the
oxidized/conductive state. The deposition rate and the morphology of the polymers can
be controlled by varying the monomer concentration in the deposition solution, the scan
rate of the deposition, and the potential limits of the voltammetric deposition cycles.

The conducting polymer junctions described in this chapter were often irreparably
damaged, probably by static discharge or nonspecific mechanical events. As such, the
junctions must be protected from unnecessary hazards. | observed that storing the
polymer devices in plastic containers wrapped in aluminum foil increased the “survival
rate” of the junctions. It is also worth noting that fewer conducting polymer junctions

were lost when the depositions were performed in late spring or summer. The reason for
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the observed increase in the “survival rate” during these seasons might be coincidental.
However, it is speculated that increased humidity during the spring and summer months
decreased the buildup of static charge on surfaces, and helped prevent static discharge
through the conducting polymer junctions.

Deposition solutions composed of 1 M aqueous sulfuric acid and approximately
30 mM aniline, in combination with potentiodynamic heterogeneous electrochemical
polymerization, resulted in relatively uniform polyaniline films bridging the gap between
the patterned electrodes. The polymer formed under these conditions showed a clear
response to the application of hydrogen peroxide. The addition of the peroxide to the
neutral/insulating polymer in the junction oxidized the polymer film and lowered the
resistance between the electrodes by about 40%.

Nonaqueous polymerization solutions containing 7 mM pyrrole and 100 mM
TBAPFg in acetonitrile consistently resulted in junctions bridged by conducting polymer.
Potentiodynamic heterogeneous electrochemical polymerization of pyrrole from these
solutions resulted in relatively uniform polymer films. These films contained some
nodular structures upon longer polymerization times. The resistance of the polypyrrole
junction changed by approximately 50% upon electrochemical oxidation.

The original goal of this project was to develop a sensor capable of detecting low
concentrations of gas phase oxidants. Conducting polymer junctions, similar to those
discussed in this chapter, have been demonstrated as sensors for ammonia in human
breath [20]. Based on the work presented by Aguilar et al., the area of the electrodes
exposed to the polymerization solutions must be reduced to produce smaller polymer

connections capable of responding to low concentrations of analyte [20]. Creating
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smaller gaps between the electrodes and minimizing the size of the polymer contacts are
the future challenges associated with this project.

The work in this chapter has demonstrated several relatively straightforward
methods of producing polymer films of varying morphologies. These polymer films can
be used to bridge nanoscale gaps between patterned electrodes. The polymerization
methods discussed in this chapter might act as a guide for the fabrication of future sensor

devices.
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