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Metal Ion and pH Sensors based on Carbon Nanotubes
Pingping Gou, PhD

University of Pittsburgh, 2012

The sensitive and selective detection of metal ions and pH levels is important in environmental
and biomedical applications. Conventional methods are limited in their potential due to high cost,
big size, and lack of portability. A new system incorporating single-walled carbon nanotubes
(SWNTs) modified with polymers or proteins has been developed to create a cost-effective,
easy-to-use metal ion/pH sensing platform. This system utilized SWNTs modified with metal
ion/pH sensitive materials because pristine SWNTs are only sensitive to high concentrations of
metal ions (> 1 mM), and strong base (pH > 12) or acid (pH < 2), and lack selectivity as well.

This work uses noncovalent functionalization approaches to chemically modify SWNTs because
noncovalent modifications do not disrupt SWNT electronic properties. When the modified-
SWNT system encounters metal ions or pH solutions, the alteration in modified layers, such as
conformational change or charge transfer, initiates signal transduction processes, thus changing
the electrical and optical properties of the underlying SWNTs. The properties of modified
SWNTs were characterized by a variety of techniques including optical spectroscopy, and
electrical transport measurements in solid state or liquid state, through which the transduction

mechanism of the system was investigated.

v



The modified SWNT-based metal ion/pH sensors offer promise in applications and provide a
platform for fundamental understanding of the transduction mechanism that help us to develop

better chemical sensors in the future.
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1.0 INTRODUCTION

1.1 METAL ION SENSORS

1.1.1 Sensors in Nature

Nature has evolved varieties of amazing sensory systems with specialized adaptations. Many
living organisms have developed sophisticated sense organs. For example, insects have sensory
hairs and antennae, which allow detection of external stimuli. Mammals also possess olfaction
and gustation systems that identify a whole gamut of smells and tastes. Some bacteria excel in
metal ion detection, with a regulatory network to control the levels of harmful metal ions they
uptake and detoxify.'

Those extraordinary biological sensory systems continue to inspire researchers in the
design of chemical sensors. Typically, chemical sensors contain two main components, a
receptor and a transducer.” The receptor binds to a specific chemical analyte and transforms the
chemical information into an energy change, where the sensitivity and selectivity are the result of
the receptor response. Then the transducer converts this energy change into a useful analytical
signal. Given view of complex natural sensors, the design of an artificial sensor should include
the fabrication of a system consisting of a receptor and a transducer, and achievement of the

selectivity and sensitivity of the complex system.



1.1.2 The Importance of Metal Ion (& pH) Sensors

Metal ions are essential for life processes; nevertheless, some metals are toxic to central
metabolic pathways and metalloenzymes. The accumulation of heavy metals, such as lead,
cadmium, and mercury, in living organisms can cause impairment of organ function or even
death at relatively low concentrations. For example, the European Union guidelines for
maximum cadmium levels in drinking water is set at 5 ppb because severe effects can be
observed upon exposure to higher levels. Because of its long biological half-life of 15 to 30
years, cadmium excretion is nearly impossible, and it accumulates in the human body and
especially in the kidneys, leading to irreversible dysfunction of the kidney with impaired
reabsorption of proteins, glucose, or amino acids.” However, even essential metals such as zinc,
iron, copper, chromium, and cobalt can cause toxic effects at elevated levels.® For example,
copper is an essential requirement for a healthy body with an estimated daily intake 2-3 mg, yet
an excess of copper can be harmful, and can cause gastrointestinal symptoms such as nausea,
abdominal pain, and vomiting.* Cobalt plays an essential role in the metabolism of ions and
formation of hemoglobin, also it is a key constituent of vitamin Bj,. The daily requirement for
cobalt has been estimated to be only up to 40 pg. However, an excessive level of this trace
element in the body may result in goiter formation and reduced thyroid activity. Exposure to
cobalt increases the risk of development of cardiomyopathy.*

On the other hand, the entire metabolic process depends on delicately balanced pH levels,
because pH controls the speed of biochemical reactions. Outside the acceptable range of pH,
proteins can be denatured and digested, enzymes can lose their ability to function, and even

death may occur.



Therefore, the determination of trace amounts of metal ions and pH levels is of great
importance in many scientific fields, including medicine and environmental monitoring. Thus,
development of methods for the detection and estimation of metal ions and pH values is an

important goal for contemporary sensor research.

1.1.3 Design of Metal Ion Sensors

State-of-the-art techniques for the determination of metal ions are carried out by instrumental
analysis using atomic absorption spectroscopy (AAS), inductively coupled plasma atomic
emission spectrometry (ICPAES), and inductively coupled plasma-mass spectrometry (ICP-
MS).” These analytical methods are highly sensitive and selective. However, these methods are
expensive to run and maintain, and they are typically limited to a laboratory. There is a need to
develop sensors that are sensitive, portable and easy-to-use so that measurements can be
performed in real time without taking samples back to the lab for analysis.

There is much interest in development of organic compounds for use as ion receptors in
sensors. The detections of specific metal ions have been realized through the changes in redox
potential,® UV-Vis absorption’ or fluorescence spectra.® Here we show that electrochemical
techniques such as conductometric titration using carbon nanotubes as transducing medium and
modifying carbon nanotubes for ion recognition are alternative and very attractive methods for

metal ion detection.



1.2 CARBON NANOTUBES

1.2.1 Physical and Electronic Structure of Carbon Nanotubes

Carbon nanotubes (CNTs) were generally considered to be first discovered by S. lijima in 1991,
though they were actually been known earlier.'” Carbon nanotubes can be visualized as a sheet of
graphene rolled up into a hollow cylindrical tube (Figure 1-1a).'"' CNTs consist of coaxial tubes
of graphene sheets are called multi-walled nanotubes (MWNT), as shown in Figure 1-1c. Each
MWNT contains from two to 50 such tubes, with inner diameters from 1.5 to 15 nm and outer
diameters from 2.5 to 30 nm. CNTs composed of one single graphene sheet are classified as
single-walled nanotubes (SWNT), with diameters ranging from 1 to 5 nm (Figure 1-1b).’
Typically, the diameter, curvature, and electronic properties of a SWNT are uniquely
defined by details of how the graphene sheet is rolled up.'' A graphene sheet consists of a two-
dimensional hexagonal lattice of sp® hybridized carbon through which electronic conduction can
occur via the m-conjugated electron system.'? The sheet of graphene can be rolled up into a tube
according to different rollup vectors which are denoted as (n, m),'" as shown in Figure 1-2. The
rollup vector can be defined as a linear combination of base vectors a; and a of the basic
hexagon: r = na; + ma,, where n and m are integers. The values of n and m determine the
chirality, which defines the nanotube types. If m = 0, the nanotubes are called “zigzag”. If n = m,
the nanotubes are called “armchair.” If n # m, they are called “chiral.” The (n,m) indices strongly
dictate the electronic structure of the SWNT."® If n-m values equal to 3q or zero, where q is any
integer, the SWNT is metallic, otherwise it is semiconducting. In particular, all armchair
nanotubes are metallic; two-thirds of zigzag nanotubes are semiconducting and the other third

are metallic.



Carbon atoms in SWNT have sp” hybridization, and each possesses one 2p electron that
can build a delocalized m-electron structure. Since SWNT has a diameter on the nanometer scale,
the delocalized m-electrons undergo quantum confinement and cause quantized energy levels.
The number density of states at each energy level are described by a density of states (DOS)
diagram. The sharp spikes in the DOS are called van Hove singularities (VHS) and stem from
electron confinement around the SWNT circumference.'® The electron transitions between VHS
are labeled as M;; for metallic SWNTs, S;; and Sy, for semiconducting SWNTs (Figure 1-3).
The metallic SWNTs have a finite density of electronic states at the Fermi level (E=0), which is
located between the valence band and conduction band, making them analogous to metals. The
semiconducting SWNT exhibits an energy gap with zero density of states inside the gap, thus
creating the optical and electrical characteristics of a semiconductor. The top of valence band for

semiconducting SWNTs is partially depleted of electrons, indicating a p-type semiconductor. '



Figure 1-1. Carbon nanotube (CNT) structure
(a) Rolling up a graphene sheet forms a carbon nanotube (CNT). Adapted from Reference 11a. (b) The structure of
SWNT consists of one cylindrical graphene sheet. (¢) The structure of multi-walled nanotube (MWNT) of several

nested cylinders.
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Figure 1-2. Formation of different type of carbon nanotubes

Schematic structure of a graphene sheet. SWNT can be formed by rolling up the sheet along lattice vector (n, m). a,
and a, are the unit vectors. Rolling along the different vectors leads to the different type carbon nanotubes as

“armchair” (n = m), “zigzag”(n, 0) and “chiral” (n # m) SWNTs, respectively. Adapted from Reference 11b.
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1.2.2 SWNT Networks

Recently two-dimensional (2D) nanotube networks and three-dimensional (3D) nanotube films

16,17,18,19 : S 1911 1 i
6171819 The individual variations in diameter and

have emerged as a new class of materials.
chirality from tube to tube become obscured by averaging over a large number of tubes, resulting
in uniform physical and electronic properties. Typically, percolation theory is used to study the
properties of the random networks of SWNT.? !

Percolation is the formation of long-range connectivity in random systems.** At a critical
threshold the infinite connectivity first appears, called percolation threshold.”’ While SWNT
networks are formed by tube alignments and intersections, percolation is achieved when
junctions of carbon nanotubes create the infinite connectivity, forming a complete circuit through
network between source and drain electrodes. Since the percolation threshold is the lowest
concentration of tubes at which the circuit begins, it is dependent upon tube distribution, length
and angle between tubes.

Griiner’s group has illustrated percolation of SWNT networks that were fabricated by
vacuum filtering of a dilute suspension of SWNTs through a porous alumina filtration
membrane.”’ Figure 1-4 shows SEM images of three samples (a, b, and c) that have been
prepared by filtering different volumes of SWNTs. The film is spatially uniform, containing
randomly oriented nanotubes with no preferential direction. Notice that each line in the networks
is actually a small bundle of nanotubes, due to van der Waals interactions. At high volumes of
SWNTs like that shown in Figure 1-4b, the film becomes conductive and is above the
percolation threshold.

The electrical conductivity through SWNT networks is strikingly different from regular

conductive thin films. In SWNT networks with low interconnectivity which typically contain

9



only two to three connections, increasing the distance to the electrodes leads to large reduction
on network conductance; while in networks with high interconnectivity, the distance to the
electrodes has a negligible effect on the local conductance, which depends strongly on the
number of connections in the network.”
Several methods have been reported for fabricating carbon nanotube films, such as drop
24 . 16 g .25 . 21 .26
casting,”" spin coating, ~ dip-casting,” vacuum filtering on membrane,” and spray coating.”” The

carbon nanotube networks have been applied as thin-flim transistors,'® field-activated optical

7 8

modulators,'” strain?’ and field emission devices,*® and transparent conductive coatings,17
diodes,” field effect transistors® and chemical sensors.'****? In chemical sensors, thin films of
random SWNT networks exhibited p-type semiconducting behavior and can operate as the
conducting channel of the device.”'** In this case, the charge transfer between the conductive
nanotube channel and the analytes appeared as the electrical signal for chemical response.
Current synthetic methods result in a mixture of semiconducting and metallic CNT
varieties, thus the optical absorption of SWNT networks is actually a superposition of individual
peaks from both semiconducting and metallic species of differing chirality and diameter.** The
metallic and semiconducting SWNT species have absorption features associated with transitions
between matching van Hove singularities in conduction and valence bands. The semiconducting
SWNTs have two main absorption peaks in the UV, visible, and near IR regions named as Sy,
and S, transitions, respectively. The metallic SWNTs display an absorption peak, called My, at
shorter wavelength than transitions of semiconducting SWNTs. Figure 1-5 shows the adsorption
spectra of SWNT networks that were obtained commercially from Carbon Solutions Inc, and

were prepared by the electric arc discharge method.” Three prominent absorption bands (S;1, S»

and M) clearly appear in the spectrum.

10



Figure 1-4. Scanning Electron Microscopy (SEM) images of the SWNT networks

on alumina substrates, scale bar is 1 um. (a) Network resulting from filtering 7 mL of SWNT solution through the
membrane. The filter pores are not visible in the scale shown. The network is near the percolation threshold and has
few or no percolative paths through the sample. (b) 10 mL of SWNT solution for this sample. The network is above
the percolation threshold and has several parallel pathways, allowing electrical conduction across the film. (¢) Film

resulting from 400 mL of solution. Film is several layers thick. Adapted from Reference 20.

11
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Figure 1-5. The UV-Vis-NIR optical absorption spectra of a SWNT film on quartz
Each absorption band, S;;, Sy, and My, is actually a superposition of the individual absorption peaks from many

SWNTs of varying chirality and diameter.
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1.2.3 Noncovalent Chemical Functionalization of SWNTs

Noncovalent functionalization approaches have been applied to chemically modified SWNTs for
chemical and biological sensors.*>” Unlike covalent functionalization that unavoidably results in
a disruption of m-electron conjugated structure of SWNTSs, noncovalent modification does not
change SWNT properties. There are four commonly mentioned types of noncovalent interactions:
hydrogen bonds, ionic bonds, van der Waals forces, and hydrophobic interactions. In the latter
types, various aromatic compounds are known to interact strongly with graphitic sidewalls of
SWNTs through effective n-n stacking.’®>” These interactions improve the solubilization of
SWNTs in aromatic solvents>*and solutions of polymers.”

Moreover, the noncovalent interactions of SWNT with electron-donating or electron-
withdrawing molecules can influence the spectroscopic and electronic behavior of SWNTs. For
p-type SWNTs, the valence band are partially depleted,”” and noncovalent interactions of
SWNTs with absorbing molecule will induce charge transfer into or out of the top of valence
band of SWNTs. Typically, the relative energy position of molecular orbitals (MOs) toward
valence band (or LUMO) of semiconducting SWNT can lead to the shift of Fermi level (Figurel-
6). As a result, the interactions alter the electronic density of semiconducting SWNT valence

band, which will appear as spectroscopic and electronic changes of SWNT films.***!

In contrast,
covalent chemical modification of SWNTs destroys their aromaticity, eventually resulting in the

loss of any spectral features.”®
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1.2.4 Correlation between Spectroscopic and Electrical Properties of SWNTs

Whenever strong electron donating or accepting molecules, such as NO, or NH3, interact with
the p-type semiconducting SWNTs, there is a significant change in density of the charge carriers
in the semiconductor, holes in this case, that causes changes in the spectroscopic and electrical
properties of SWNTs.* As shown in Figure 1-6, an electron donor has a full MO with higher
energy level near or above the SWNT valence band, thus the adsorption of these molecules on
SWNT networks will render the electron transfer to nanotube valence band. As a result, electron
donation will result in the increase of the electron density of SWNT valence band, thus leading
to increased S;; band absorbance of the SWNT networks. Meanwhile, the band gap will be
reduced, leading to a red shift of the S;; absorption band to lower energy wavelength. Moreover,
the electron-hole recombination caused by electron donation will also serve to decrease the film
conductance of SWNT networks. Alternatively, electron accepting species have an unfilled MO
with energy level lower than the top of the SWNT valence band, so the adsorption will cause a
decrease in electron density of the SWNT valence band. A decrease in electron density will lead
to reduced S;; band intensity and to a blue-shift in S;; band as a result of an increased band gap.
Additionally, increased concentrations of hole carriers for p-type SWNTs will serve to increase
the nanotube film conductance.

Furthermore, the molecular adsorption on SWNTs can cause a change in the local
dielectric environment of SWNTs, leading to changes in both S;; and S;, absorption band
intensities even no charge transfer is expected.*’ In this case, the S;,/Sy, ratio in the SWNT
optical spectra (Figure 1-5) can be applied to investigate the electron transfer: a higher S;;/S»
ratio than unmodified SWNTs will indicate the electron donation, and a smaller S;1/Sy, ratio

could be a result of electron withdrawal.
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Figure 1-6. Density of states (DOS) of metallic and semiconducting SWNTSs of two molecular interactions

Interaction with an electron-donating molecular orbital (MO) that resides at a higher energy than semiconducting
SWNT valence band and interaction with an electron-accepting MO that is partially vacant and resides slightly

lower in energy than SWNT valence band.
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1.2.5 Applications of Noncovalently Modified SWNTs for Chemical Sensing

Specifically, the changes in the absorption intensity of the first semiconducting electron
transition (S;;) as well as the electrical conductance of the SWNT stem from charge transfer and
chemical doping effects by various molecules. This behavior builds the basis of applications of
SWNTs as electrical chemical sensors. However, sensors based on bare SWNTs lack selectivity
toward analytes. To overcome the challenges, noncovalent functionalization of the SWNT can
make SWNT sensors more selective while maintaining their ultrasensitivity. * * ** This
functionalization scheme can help to add a detection layer on surface of SWNT without
interrupting its sp® hybridized structure and has been proven effective in developing

#4632 Therefore, noncovalent functionalization of SWNTs with metal ion/pH selective

Sensors.
ligands should allow for development of highly sensitive metal ion/pH sensors.

The following chapters serve to demonstrate metal ion/pH detection based on SWNTs,
where the changes in spectroscopic and electrical properties of the SWNT device upon chemical
sensing could arise from charge transfer between the ligand layer and the SWNT. Moreover, the

presence of ligand layer has been proven to amplify the electrical signals of SWNT devices,

offering a platform to investigate the mechanism between the interactions.
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2.0 POLYMERIC REARRANGEMENT ON SINGLE-WALLED CARBON

NANOTUBES FOR METAL ION DETECTION

The results presented in this chapter will be submitted for publication in the near future.

List of Authors: Pingping Gou, lan Matthew Feigel, and Alexander Star.

2.1 CHAPTER PREFACE

The aim of this work was to develop SWNT-based sensor systems, in which the sensing
responses stem from varying conformational changes of molecular ligands adsorbed on sidewalls
of SWNTs. We compared two types of molecular ligands for noncovalent modification of
SWNTs; both ligands can chelate transition metal ions as well as exhibit m-m stacking
interactions with carbon nanotubes. One ligand is rigid triangular-shaped conformation of
salophenyl macrocycle (Mac), while a linear polyazomethine (PAM) polymer can experience a
large conformational change upon complexation with metal ions. The differences in ligands’
conformational behavior led to the different performance of the sensory systems. The
combination of optical spectroscopy and electrical measurements was utilized to study the
detection of metal ions, as well as to gain an understanding of the mechanistic aspects of SWNT

Sensor response.
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2.2 INTRODUCTION

Single-walled carbon nanotubes (SWNT) can be either semi-conducting or metallic, and they can
be ultrasensitive sensors because of their composition of only surface atoms. Additionally, their
high aspect ratio allows for facile integration into conventional micrometer sized electronic
circuitry. Such features make SWNTs highly sensitive to charge transfer and chemical doping
effects by various molecules. Whenever strong electron withdrawing or donating molecules,
such as NO, or NHs, interact with the p-type semiconducting SWNTs, there is a significant
change in density of the charge carriers in the semiconductor, holes in this case, that causes
observable changes in the optical and electronic properties of SWNTs.* Specifically, there is a
significant change in the absorption intensity of the first semiconducting electron transition (Si;)
as well as the electrical conductance of the SWNT. This behavior forms the basis of applications
of SWNTs as electrical chemical sensors. However, sensors based on bare SWNTs lack
selectivity toward analytes, as even contact with an inert gas will cause signal changes in
SWNTs. To overcome this chanllenge, functionalization scheme have been developed to make

44

SWNT sensors more selective while retaining their ultrasensitivity.* Noncovalent

functionalization on the SWNT can help to add a detection layer without interrupting its sp”

45,46,32
4632 Noncovalent

hybridized structure and has proven effective in developing sensors.
functionalization is a type of surface functionality where two species are held together through
van der Waals forces, - stacking in this case. Therefore, functionalization of SWNTs with
metal ion selective ligands should allow for the creation of an ultrasensitive metal ion detection
device. Changes in the electronic properties of the SWNT device upon metal ion coordination

could arise from charge transfer between the ligand and the SWNT or from conformational

changes of the ligand (disruption of the n-r stacking interactions).
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A rigid, shape-persistent macrocycle, salophen macrocycle (MAC), has been reported for
its coordination with metal ions. Interestingly, by slightly adjusting the chemical synthesis, we
designed and synthesized a chain version of MAC, termed polyazomethine (PAM) which offers
the same chelating properties while having significant morphology differences, specifically it is
one-dimensional and flexible. The © conjugated backbone of these molecules make them ideal
targets for studying with carbon nanotube (CNT) devices as they offer a great advantage in
noncovalent functionalization.

PAM and MAC were both synthesized and characterized as necessary. Optical
spectroscopy titrations were performed on the ligand species in order to determine the number of
metal ions that coordinate with each ligand. MAC was found to coordinate three Co®" ions,
agreeing well with literature, while PAM was found to coordinate only 0.3 Co®" ions per
repeating unit (there are 3 repeating units in MAC). This suggests that several PAM repeating
units are required to coordinate only one metal ion in either inter- or intra-molecular fashion, and
therefore a conformational change of the polymer occurs upon introduction to metal ions. This
hypothesis is supported by the observation of a distinct change in the color of PAM upon
addition of Co”" ions, revealing rearrangement of the polymer matrix. In order to continue
studying the difference between PAM and MAC, a SWNT network device was fabricated onto a
quartz plate, which allows for simultaneous optical and electrical measurements. Distinct
changes in the S;; electronic transition of SWNTs upon ligand modification is observed for both
ligand devices suggesting strong noncovalent functionalization. The optical response of the
ligand functionalized SWNTs was performed using UV-vis-NIR spectroscopy. A much larger
change in the S;; transition is observed for a PAM/SWNT film when exposed to Co*" ions, as

compared to the MAC/SWNT complex. Additionally, the conductance change of the
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PAM/SWNT film was greater than that of MAC/SWNT and offers the additional advantage of a
greater dynamic range. The signal changes in MAC are comparable to that of bare SWNTs,
signifying that the rigid macrocycle does not offer any advantages, such as charge transfer into
the SWNT, upon metal ion coordination. It is proposed that rearrangement of PAM, due to its
flexible nature, on the nanotube network results in a new type of transduction mode and thus

enhances the signals of the SWNT device.

2.3 EXPERIMENTAL

Materials and Instrumentation. SWNTs (prepared by arc discharge technique) *’ were
purchased from Carbon Solutions, Inc. (P2-SWNT). Chemicals were purchased from Sigma
Aldrich and used as received. Solvents were dried, distilled, and stored under argon. All
reactions were carried out in a N, atmosphere unless otherwise stated. 3, 6-dif0rymlca‘[echol,48
1,2-dioctylocy-4,5-phenylenediamine, * and 1,4-dioctyloxy-2,5-phenylenediamine  were
synthesized following published procedure (see Supporting Information for details).

FT-IR spectra were recorded as either thin films on NaCl plates or as KBr pellets on an
Avatar 380 Nicolet FT-IR spectrometer. Proton nuclear magnetic resonance ('H-NMR) spectra
were recorded on a Bruker DPX 300 NMR spectrometer (300 MHz) at 25 °C. Deuterated solvent
was used as the lock and the residual solvent was used as an internal standard. Molecular weights
of polymers were determined by using a Waters Gel Permeation Chromatography system
equipped with a Water 510 HPLC pump, phenogel columns, and a Waters 410 Differential

Refractometer at a flow rate of 0.4 mL/min. All molecular weights were measured against

polystyrene standards in THF.
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UV-vis-NIR spectroscopic measurements were recorded on a PerkinElmer Lambda 900
spectrophotometer. Additionally the SWNT network conductance versus time, G(t), was
monitored by applying a bias voltage of 50 mV through the network and measuring the resultant
current using a Keithley model 2400 Source Meter interfaced to LabView software.

Synthesis of Salophen Macrocycle (MAC).® MAC was synthesized following
published procedure.”® 1,2- dioctyloxy-4,5-phenylenediame (1.9 g, 6.0 mmol) was dissolved in
60 mL of 1:1 degassed CHCI; : MeCN under a N, environment. 3,6-diformylcatechol (1.0 g,
6mmol) was added, changing the appearance of the solution form colorless to deep red. After
heating at 90 °C while refluxing for 2 h, the solution was cooled to room temperature, yielding
red needles of salophen macrocycle, which was isolated on a funnel, washed with chilled MeCN,
and dried under vacuum.

Synthesis of polyazomethine (PAM) polymer. Freshly prepared 1,4-dioctyloxy-2,5-
phenylenediamine (109 mg, 0.3mmol) was added to a solution of 3,6-diformylcatechol (50 mg,
0.30 mmol), LiCl (55 mg, 1.2 mmol) and 4-Dimethylaminopyridine (DMAP) (3.7 mg, 0.03
mmol) in a mixture of 3 mL of hexamethylphosphoramide (HMPA) and 3mL of anhydrous
methylpyrrolidone (NMP)). The reaction mixture (deep orange red color) was stirred for 48
hours under ambient conditions. 23 pL (0.15 mmol) of t-butylaniline was added to the solution
and the resultant mixture was stirred for additional 6 hours. The resulting precipitate (polymer)
was extracted from MeOH (200 mL), and washed thoroughly with MeOH and distilled water.
PAM polymer was further purified by washing with MeOH in a Soxhlet extractor for 12 h to
afford a brown orange solid (83 mg, 56%). vc=n, 1614cm'1; Vo-c.o 1215 cm'l; "H.NMR (CDCls) 6
12.71 (2H, s, OH), 8.63 (2H, s, CH=N), 7.48 (4H, d, aromatic CH), 4.03 (4H, m, OCH), 1.89

(m, CH,), 1.35 (m, CH,), 0.88 (t, *Juy = 6.3 Hz, CH;). The molecular weight (M, = 24,600
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g/mol) [2,700] and polydispersity index (PDI = 1.378) [1.304] of polymer were determined in
THF by Gel Permeation Chromatography (GPC) against polystyrene standard in THF. Anal.
Calc’d for (C30H42N,04), : C, 72.84; H, 8.56; N, 5.66. Found: C, 73.08; H, 8.60; N, 5.71.

Device Fabrication. Nanotube devices were fabricated as described previously.’' Briefly,
SWNTs were suspended in DMF using ultrasonication and then spraycast onto heated 1” x 17
fused quartz (SiO,) plates (0.0625 in thick; Quartz Scientific; reported specific resistance of 10 x
10" Qem™ at 20 °C) using a commercial air gun (Iwata, Inc.). The plates, which served as the
device substrates, were cleaned prior to SWNT deposition with acetone, and then subsequently
rinsed with water and dried under compressed air. Electrodes were created by placing Al tape
and Ag paint (SPI supplies) on top of the SWNT network leaving a spacing of 1.5 cm to create
an unobstructed optical window. One drop of PAM (10 uM) in THF was subsequently deposited
onto the SWNT network. For comparison of PAM to its corresponding macrocycle, MAC (1.4 x
10 M) was dropcast onto the network instead of PAM.

Metal Ion Interactions. Cobalt chloride (CoCl,) solutions in MeCN were prepared at
eight different concentrations: 1 x 10"M to 1 x 10” M. A 10 pL drop of the CoCl, solution was
added to the center of the SWNT/PAM film and allowed to evaporate in air. UV-vis-NIR
absorption spectroscopy and electrical conductance measurements were collected for 1000
seconds. The evaporation of MeCN drop typically takes a few seconds and the signals were

steady within 1000 seconds.
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24  RESULTS AND DISCUSSION

2.4.1 Synthesis and Characterization

Salophen macrocycle (MAC) was prepared (Scheme 2-1) by polycondensation of 3,6-
diformylcatechol (1) and 1,2-dioctyloxy-4,5-phenylenediamine (3) following the reported
procedure.” In order to compare the rigid macrocycle with a flexible molecule, polyazomethine
(PAM) polymer was synthesized from the same dialdehyde 3 with 1,4-dioctyloxy-2,5-
phenylenediamine (2) as the diamine. PAM polymer, a repeating chain version of MAC, was
obtained as a brown-red powder that is miscible in many organic solvents such as THF, CHCls;,
and CH,Cl,. Its good solubility can be partially attributed to the presence of octyloxy groups
incorporated in the polymer backbone. The chemical structure of PAM was confirmed by 'H
NMR spectroscopy (Supporting Information Figure S2-1), FTIR spectroscopy (S2-2), and
elemental analysis. The "H NMR spectrum was in good agreement with the polymeric structure.
Additionally, the presence of a major signal at & = 8.77 ppm for the azomethine protons suggests
the predominance of one isomer, which presumably is the thermodynamically more stable anti
isomer. The broader signal at 6 12.7 ppm corresponds to hydroxyl protons, the integration of O-
H proton gives a number less than the expected number of protons on the hydroxyl groups,
which is due to the fact that protons on heteroatoms such as oxygen can undergo rapid proton-
deuterium exchange with water. The end groups of the polymer such as -NH; and —-CHO are
hardly seen on the spectrum, indicating a degree of polymerization higher than ten. The FTIR
spectrum showed a strong absorption band at 1614 cm™ assigned to the imine (C=N) stretching.
This band was shifted to a higher wavenumber compared to other PAM polymers, suggesting
strong intramolecular hydrogen bonding between the imine nitrogen and phenol hydrogen (O-
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H---N=C) in the ortho-position of the azomethine aromatic ring. Additionally, elemental analysis
was consistent with the chemical composition of the polymer, and Gel Permeation
Chromatography (GPC) analysis indicated that there are 68 average repeating units on the
polymer main chain (M, = 24,600 g/mol and PDI = 1.4).

Furthermore, UV-vis absorption spectroscopy was utilized to look at electron transitions
in PAM both in solution and as a solid film (Figure S2-3). PAM exhibits a main band centered at
492 nm and a weaker band around 346 nm which are associated with the n-n and n-m
transitions in the polymer backbone, respectively. The main absorption band of PAM is
significantly red shifted as compared to both starting monomers; 1,4-dioctyloxy-2,5-
phenylenediamine (Aya.x = 307 nm) and 3,6-diformylcatechol (Ayax = 394 nm). This shift can be
attributed to the increased degree of m conjugation in the polymer backbone compared to the
reactants. When PAM is deposited as a thin film, the absorption band of PAM film is broadened
and further red shifted (~ 80 nm). This is typical for polymers when in solid form due to an
increased planarity induced by interchain stacking.”’ The HOMO-LUMO difference of PAM can
be estimated to be ca. 2.1 eV, determined from the intercept of the normalized absorption and
emission spectra (Figure S2-4). However, this energy gap is somewhat smaller than that of
prototypical PAM polymer without phenol groups, reported previously to be 2.4 eV.>* The
difference in the band gap values suggests that intramolecular hydrogen bonding (OH--N)
stabilizes the backbone of the molecule by reducing the rotational freedom of the azomethine

ring.
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2.4.2 Metal Ion Coordination

In order to elucidate the mechanism of metal ion coordination within the ligand
molecules, optical titrations were performed in order to determine the number of metal ions that
complex with the ligands. It has been previously demonstrated that the salophen macrocycle can
form a stable complex with three transition metal ions, and its triangular conformation remains
largely unchanged after the complexation. > On the other hand, PAM has a more flexible
backbone which can undergo conformational changes and can chelate metal ions using different
chains (molecules). Such interchain coordination of metal ions should result in a cross-linked
polymer network, which in turn should result in a change in optoelectronic properties of the
polymer because of improved orbital overlap of m-conjugated chains. >* The assumed
complexation modes were investigated by UV-vis spectroscopy and photoluminescence (PL)
emission spectroscopy (Figure 2-1). Addition of Co*" ions to a PAM solution in THF (10™ M)
lead to ~140 nm red-shift of the polymer main peak, indicating that the resulting polymer
backbone has a greater m-electron delocalization and a reduced band gap (Figure 2-1A).
Assembly of n-conjugated PAM polymer chains through the metal coordination is assumed to be
responsible for the observed change in the optoelectronic properties. As the concentration of
Co”" ions increases the UV-vis characteristic curve changes until finally becoming saturated. The
inset of Figure 2-1A displays the nonlinear dependence of the absorption intensity on the
concentration of Co*" at Amax (631 nm) with saturation occurring at a metal ion to PAM ratio of
0.3. These results suggest the formation of the previously discussed cross-linked polymer
network upon metal complexation. Emission spectroscopy was also utilized to study metal
complexation, specifically fluorescence quenching was observed with the addition of Co”" ions

upon PL titration (Figure 2-1B). The quenching may arise from energy transfer in inter-strand

26



interactions. The quenching is saturated with a metal ion to polymer unit ratio around 0.3, which
is consistent with UV-vis titration. In contrast to PAM, monitoring UV-vis during metal
complexation of MAC (Figure 2-1C) shows only a modest red shift (~30 nm) upon
complexation. Additionally complexation stoichiometry of three cobalt ions with one MAC
molecule is in good agreement with literature results.”® The relatively smaller red shift of can be
attributed to the rigid structure remaining the same after complexation, compared to obvious
conformational change of PAM polymer.

The observed change in the UV-vis absorption spectra of PAM upon complexation with
transition metals can be applied toward the design of fluorescent and colorimetric sensors. While
a 10" M Co”" solution has a weak blue color hardly detected by the naked eye, however, when
added to the deep red PAM solution, the entire mixture becomes a very strong blue color. To
study this effect spectroscopically, a polymer film was prepared by spin coating a solution of
PAM in CHCl; onto a quartz plate. Dropcasting of 10 uL of 10° M Co*" solution in MeCN onto
the polymer film led to 100 nm red shift in UV-vis absorption of the film and an obvious color
change from red to blue (Figure 2-1D). The color and maximum wavelength both recover upon
treatment with MeCN/ethylenediamine (9:1). Ethylenediamine strongly chelates Co®" ions
breaking the cross-linked network. The decrease in absorbance of the film after treatment arises
from some film dissolution in MeCN. The inset of Figure 2-1D is a photograph of the PAM film
after addition of Co>" ions. The proposed structures of the ligands complexed with Co®" ions is
given in Figure 2-1E. The three binding sites of MAC are open and complexation does not affect
the structure or orientation of the ligand, however in order for PAM to fully chelate the metal

ions numerous chains are necessary.

27



AT in o B % Tou e
E 0.25 o /f 5 40 1 30 \\
0.04 S 15 4
§ 0.2 0 04 08 c 0 . y
g j R S 301 0 05 1 15
8 2 Y R:
5 015 @ [Co*Y[PAM]
2 E 20 -
g 0.1 w
: Co?* E
£ 005 510
= z Co?*
0 r T T 0 A
250 450 650 850 500 600 700 800 900
Wavelength (nm) Wavelength (nm)
C D)
) 0.18 oTe .
35 | N 014 =49
8 015 1 g\ 042 /\ ;‘_
]
8 0.12 / \ e 2 a o411 A
8 / \ [Co?*JI[MAC] B / \
S 0.09 - 233 4
F B "n r’/ “\
< 0.06 Q2507
£ £ aL TN, \, PAM +Co?*
= i = 4 PAM + ~, N
S 0.03 g 1.7 Cottr NN
Base S
0 T T T T 0.9 T T T T
250 350 450 550 650 250 450 650 850 1050
Wavelength (nm) Wavelength (nm)
E) RO  OR

N
[o] \

HO

OR
/4 \
_ +{:>-~ el
HO O/
RO “Co. XS
N_ N I
/Cd\
0" o

j\ 9 0 /; N=
N--Co (.‘70’N j—
) (0] (o " RO OR p—
RO N\ :< /N OR R =CSH17

RO OR
MAC + Co* PAM + Co**

Figure 2-1. Optical dependence of PAM and MAC to Co2+ ions
A) UV-vis titration of PAM polymer with CoCl,. The inset plots the intensity of absorption at 630 nm versus the
ratio of Co®" ions to polymeric units, and reveals that ca. 0.33 Co®" ions complex with each polymer repeat unit. B)
Photoluminescence (PL) emission spectra (500 nm excitation) upon titration of PAM with CoCl,. The inset depicts
the intensity of the emission at 621 nm as a function of the ratio of Co®" ions to polymeric units. C) UV-vis titration
of MAC with CoCl,. Inset: the titration curve is consistent with the presented structure of the complex with three
equivalents of Co®" ions per macrocycle. D) UV-vis-NIR absorption of PAM film (red), after treatment with CoCl,
(10° M in MeCN) (green) and then after dipping into MeCN: ethylenediame (9:1) (purple) to remove Co”" ions.
Inset: Optical image of a PAM film with three drops of Co®" ions along its diagonal distinctly showing the red to

blue color change. E) Representation of MAC (left) and PAM (right) upon complexation with Co*" ions.
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In a control experiment, a thin film of PAM was exposed to acidic (HCI) and basic (NH3)
vapors (Supporting Information Figure S2-5). Treatment of the film with acidic vapors resulted
in a color change of PAM film from deep red to light blue and a red shift (35 nm) of the main
peak with decreased intensity. This change is most like due to protonation of the imine nitrogen,
which disrupts the n-m conjugation between imine nitrogen lone pair electrons and the adjacent
phenylene ring. Compared to metal ion complexation, protonation had similar color change but a
much smaller red shift. Treatment with basic vapors, which will deprotonate the polymer
backbone, changed the film color back to red, and a 20 nm blue shift is observed in the UV-Vis
absorption spectrum. The absorption maximum does not return to the original position most
likely due to the loss of intramolecular hydrogen bonding from the addition of NH; vapors. It is
worth mentioning that the protonation and deprotonation of the PAM thin film after the second

cycle are reversible and can be repeated without significant degradation.

2.4.3 Interactions of PAM with SWNTs

Device Fabrication

In order to investigate optical and electronic changes caused by noncovalent interactions between
SWNT and the ligands, a sensing platform was developed. A network of SWNT was deposited
onto a quartz plate to provide a transparent yet conductive transducer, in which the ligand was
subsequently added (Figure 2-2A). The SWNT devices were fabricated as described previously
in the literature.” A solution of SWNTs in DMF was spray cast onto quartz plates via a spray
gun. Then electrodes were formed by applying Al metal tape on the edge of the quartz plate, and
connecting them to the SWNT network with silver paint (Figure 2-2B). Subsequently either
PAM or MAC was dropcast from a solution of THF onto the SWNT network. Fabrication of a
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SWNT network device on a transparent surface allowed for combined spectroscopy and
electrical measurements of the device.” SEM images of a typical PAM/SWNT complex
prepared from PAM dropcast onto SWNT networks are shown in Figure 2-2B, depicting the
morphology of PAM. The SEM images also indicate that PAM combines with the SWNT
networks with noncovalent binding interactions.
Noncovalent interactions between ligands and SWNT's
An insight toward the mechanism of interaction of PAM and SWNTs is related to the
stabilization of SWNTs in organic solvent. Sonication of SWNTs in a THF solution containing
PAM polymer resulted in a stable SWNT suspension which exhibited no precipitation over
several days, while SWNT suspensions in THF alone tends to aggregate and precipitate after 24
hours. The stability of the suspension is directly related to interactions between PAM polymer
and SWNTs. The hydrophobic aromatic backbone of the PAM polymer forms =n-m stacking
interactions with SWNT sidewalls, while the octyloxy groups provide solubility for the
PAM/SWNT composite in organic solvent. Similar structures such as PmPV polymers have
previously been used to suspend SWNTs in organic solvents.”” Comparatively, sonication of
SWNTs in THF solution containing MAC resulted in a suspension with a brown red color, but
SWNTs aggregated in 24 hours. This observed effect proves that MAC has weaker interactions
with SWNTs than PAM polymer. Addition of Co>" ions into the PAM/SWNT composite
suspension resulted in a sudden precipitation of all SWNTs from the solution, presumably due to
crosslinking PAM polymer through Co®" ions. Additionally, the color of the polymer solution
changed from red to blue, similarly to previously discussed results.

The presence of the ligands on the SWNTs was confirmed and characterized by atomic

force microscopy (AFM) (Figure S2-6). The SWNTs showed a marked increase in diameter from
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~ 1 nm (bare SWNTSs) to ten or several tens of nanometers after PAM modification. As a
comparison, AFM imaging revealed that the average diameters for MAC adsorbed on SWNT
sidewalls ranged approximately from ~ 5 to 10 nm. Thus, AFM studies confirmed that the metal
complex ligands, PAM and MAC both associate strongly with SWNTs through noncovalent
interactions.

UV-vis-NIR absorption spectroscopy was also utilized to study the interactions of SWNT
with the PAM or MAC ligands (Figures S2-7 and S2-8 respectively). Thin films of SWNT
deposited onto quartz substrates were studied both before and after deposition of PAM polymer.
The absorption spectrum for pristine SWNT clearly depicts the first two semiconducting and
metallic electronic transitions, referred to as S;j;, Sy, and Mj;, respectively. Figure 2-2C
schematically illustrates these transitions in a density of states plot. The origin and significance
of SWNT transition bands have been heavily studied and reported in detail.**** All UV-vis-NIR
spectra are normalized at 1400 nm, where no SWNT absorption band appears. There is one
major absorption band observed for the PAM film, with a maximum wavelength value around
535 nm, and the SWNT film does not show any prominent peaks in this UV region. When PAM
polymer was deposited on top of the SWNT film the major absorption peak was broadened and
red-shifted by 35 nm (An.x value of 570 nm), presumably as a result of noncovalent m-n
interactions between the SWNTs and the n-conjugated PAM backbone. Moreover, the first two
semiconducting transitions bands of SWNTs were affected when complexed with PAM polymer.
Upon addition of PAM polymer onto the SWNT film, the S;; band has a reduced intensity and a
red-shift of about 20 nm which can be also attributed to m-m stacking interactions between the
carbon nanotube networks and polymer backbone. The S, band was not shifted but did

experience a reduction in intensity. The M;; band was masked by the PAM absorption in the
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UV-vis region, so any changes were not evident. The observed reduction in both S;; and Sy
suggests that the polymer coating changes the dielectric environment of the SWNTs. Since PAM
itself is not a conducting polymer due to its non-planar polymer backbone, PAM modified
SWNT forms a dielectric layer. Specifically charge carriers do not flow through the polymer
layer, but transfer between polymer layer and SWNT networks upon molecular interactions.
Another important observation is that the conductance of the SWNT film suppressed greatly
upon the polymer modification from 628 = 2 uS for bare SWNT films to 341 + 2 uS for
PAM/SWNT complex (not shown). This observation is consistent with the reduction in both S;;
and Sy, indicating a dielectric layer formed by PAM attachment. As an analog, the effect of
MAC’s interactions with a SWNT film has been studied using optical spectroscopy. Figure S2-8
shows that a peak at 392 nm appears upon addition of MAC to a SWNT suggesting that MAC is
noncovalently attached to the SWNT film. The S;; band of SWNT film is shifted from 1847 to
1875 nm (a 28 nm red-shift) upon attachment, supporting the evidence of n-m stacking
interactions. These interactions play an important role in electron transport of the SWNT device.
The increased absorption intensity of the S;; transition can be attributed to electron transfer from
the higher HOMO of MAC toward the lower valence band of SWNT. Another possible factor is
the electron donor hydroxyl groups in the MAC modified SWNT complex. Although these
interactions are individually weak, the involvement of mn-n stacking interactions and electron-
donor transfer along the MAC/SWNT complex provides a stable, noncovalently functionalized

SWNT device.
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2.4.4 Co* Detection on SWNT Devices

The thin film devices described previously were tested as chemical sensors for the detection of
heavy- metal ions. Ligand modified SWNT thin films were brought into contact with Co®" ions,
and UV-vis-NIR absorption and electrical conductance data were recorded. Co*" ions were
deposited onto the chip from MeCN and allowed to dry in ambient. The UV-vis-NIR spectra of
the ligand/SWNT thin film before and after addition of Co*" ions are shown in Figure 2-2. The
complexation of Co®" ion with the PAM/SWNT thin film results in a small red shift for both
SWNT and PAM electronic transition bands (Figure 2-2D). Additionally, the absorption
intensities of the S; transitions increased upon Co”" additions. However, as the concentrations of
Co”" are much lower than those used for solution titration, the color change of the PAM films
was difficult to discern by the naked eye. These observations suggest that studying the optical
properties alone does not provide an effective means for sensing the metal ions at very low
concentrations. In addition, the changes for the S,, transition were miniscule. For the analog
device, MAC modified SWNTs, very little change in the spectrum were observed upon addition
of Co* ions, besides a miniscule increase in absorption intensity of the S;; transition upon Co*"
addition. (Figure 2-2E)

Taking advantage of the electrical configuration of the sensor device, real-time
conductance measurements were taken for addition of cobalt ions at varying concentrations
(Figure 2-2F-H). The conductance of PAM/SWNT decreased upon addition of Co" ions with
concentrations ranging from picomolar to millimolar range (Figure 2-2F). The response in
SWNT conductance (AG/Go) as a function of Co”" concentration ([Co®']) (Figure 2-2H) scale
with the logarithm (base 10) of the concentration of Co®" ions. It should be recalled here that

color changes of the PAM film upon Co®" addition was only visible at relatively high
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concentrations (10™ M), thus they were not observed in this experiment. These results suggest
that the PAM/SWNT thin film electrical device shows great potential for future development of
SWNT-based metal ion sensor devices. For the analog device, MAC/SWNT complex,
conductance measurement revealed that the film conductance decreased with addition of cobalt
ion (Figure 2-2G), however, the change in conductance was significantly less that the PAM
based device, and the response was only linear over the range of 10 to 10~ M. The conductance
of bare SWNTs when exposed to Co” ions increased in real-time with increasing concentrations
of Co*" ions. This response is opposite to those observed on PAM/SWNT and MAC/SWNT
devices, indicating that chelation of Co>" with the PAM or MAC ligands is responsible for the
decrease in the conductance of the film. Plotting the relative response as a function of the
concentration of Co”" ions of PAM/SWNT and MAC/SWNT together reveals that the sensitivity
(magnitude of slope of the curve) is much greater for PAM/SWNT complex. The conductance
change of the PAM/SWNT device is linear to the logarithm of Co”" concentration over all the
ranges tested, while the change of MAC/SWNT is ten times diminished and has a much narrower
dynamic range (10 to 10 M). One possible explanation is that the PAM polymer has a large
conformational change upon metal ion complexation. The conformational change of the polymer
disturbed the carbon nanotube networks through n-m stacking interactions, thus amplifying the
electrical signal change. In contrast, the triangle conformation of macrocycle molecule is little
affected by metal ion complexation, thus smaller influence on SWNT networks giving rise to its

inherently lower sensitivity.
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Figure 2-2. Optical and electrical dependence of PAM/SWNT and MAC/SWNT to Co”" ions

A) Schematic drawing of a carbon nanotube/polymer device used in this study. Single-walled carbon nanotubes

(SWNT) and a noncovalently functionalized ligand deposited on a quartz plate forming a transparent yet conducting

thin film. B) Photograph of a quartz plate with two Al foil electrodes conned to the film using silver paint.

Magnification of the PAM/SWNT via scanning electron microscopy (SEM) reveals the morphology of the

nanotube/polymer film. C) Density of states (DOS) diagram showing the electron transitions in SWNTs. D) Optical

response of PAM/SWNT to Co”" ions. Specifically the S11 SWNT band increases upon addition of Co®" ions. E)

Optical response of MAC/SWNT to Co>* ions where the change in the S11 transition band is significantly less. F)

Electrical conductance (G) of PAM/SWNT film in air and in varying concentrations (M) of Co”" ions. G) Real-time

conductance measurement of MAC/SWNT to varying concentrations of Co®" ions. H) Relative response plot

comparing Co>" ion sensitivity of PAM/SWNT to MAC/SWNT. PAM/SWNT shows the greatest response over the

largest dynamic range, and additionally, the response scales with the logarithm of the concentration of ions.
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2.4.5 Transduction Mechanism for Co** Sensing

Insight about the transduction mechanism for cobalt ion detection can be obtained by looking at
the combined spectroscopic and electrical behavior of bare SWNTs undergoing noncovalent
interactions with an electron-donor or electron-acceptor (Figure 2-3). The increased conductance
on a bare p-type SWNT upon increasing concentrations of cobalt ions (Figure 2-3B) is expected
for positively charged ions adsorbed on p-type SWNTSs because they increase the concentration
of p-type carriers (hole-carriers); at the same time, electron density in the SWNT is reduced and
thus the decrease in the intensity of the Sy, transition band (Figure 2-3A). On the contrary, quite
the opposite effect was observed for the ligand/SWNT complexes. Specifically, the exposure to
Co”" ions enhanced the S;; transitions, and increased the overall conductance of the device. The
increase in absorption intensity of the S;; transition band is indicative of electron donation to the
top of the SWNT valence band. This would also decrease the number of hole-carriers which
explains the decrease in the film conductance. Moreover, the conformational changes of the
PAM polymer upon cobalt coordination deform the SWNT network through m-m stacking
interactions and thus amplify conductance signals as a result. This possible explanation is
supported by the significant lowering of the detection limit for the PAM based device compared
to the rigid MAC.

Figure 2-4 schematically illustrates the difference between the three systems tested for
Co”" ion sensitivity. In Figure 2-4A, Co”" ions attach to the sidewalls of SWNTs resulting in
changes in electrical and optical properties. Additionally, for MAC/SWNT, Co®" ions will
complex with available macrocycles resulting in similar changes in the properties of SWNTs as

bare SWNTs. However, when PAM is functionalized onto SWNTs, addition of Co”" ions results
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in a rearrangement of the polymer on the SWNT surface, amplifying changes in electrical and

optical properties of SWNTs.
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Figure 2-3. Optical and electrical response of bare SWNT to Co”" ions
A) UV-vis-NIR absorption spectra of bare SWNT (red) and the response of SWNT to 10-2 M Co”" ions (blue). B)

Real-time conductance measurements of bare SWNT for varying concentration of Co>" ions.
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Figure 2-4. Schematic representation of the proposed mechanism of detection
Upon addition of Co*" ions to MAC/SWNT the ions fill any open macrocylces, which offers no advantage over bare
SWNT with respect to changes in electrical conductance. On the other hand, addition of Co®" ions to PAM/SWNT

will invoke a rearrangement of the polymer to bind with the metal ion resulting in a great enhancement in signal.
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2.4.6 Cu’ Detection on PAM/SWNT Devices

PAM complexation has been studied with various transition metal ions such as Co*", Fe**, Zn*",
and Cu”". Among these metal complexation, PAM undergoes the largest conformational change
upon Co”" coordination supported by the largest red-shift (~ 160 nm). On the other hand, Cu*"
coordination undergoes a relatively weaker conformational change with a red-shift of only ~ 40
nm. (Figure S2-9) Therefore the optical/electrical device was tested for varying concentration of
Cu”" ions in order to further understand the transduction mechanism of the PAM/SWNT sensor
device (Figure S2-10). UV-vis-NIR absorption spectroscopy reveals a decrease in the absorption
intensity of the S;; transition band upon addition of 107 M Cu®" ions. At the same time, the film
conductivity increased upon increasing concentrations of Cu”" jons from the picomolar to
millimolar range. Presuming that Cu®" works as an electron acceptor, its addition onto the
PAM/SWNT film induces electron withdrawal from SWNT valence band, thus reducing the S;;
transition band. Meanwhile, the increased amount of hole carriers results in the enhancement of
film conductance with increasing concentration of copper ions. However, the conformational
change of PAM upon coordination of Cu®" is much smaller than coordination with Co>", which
elucidates the origin of the smaller response, and supporting the reasoning behind PAM/SWNT
thin film device selectivity to cobalt ions. Additionally the response of bare SWNTs to varying
concentrations of Cu®" ions similar to that of Co®” ions suggesting that the increased response is

from the polymer and not the nanotube (Figure S2-11).
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2.5 CONCLUSION

In conclusion, ultrasensitive Co’" ion detection has been presented based on a noncovalent
PAM/SWNT optoelectronic device. Detection of picomoles (1072 moles) of Co*" ions has been
demonstrated with a fast response time and high selectivity. Both spectroscopic and electrical
signals agree and their comparison gives insight on the mechanism of detection. Additional
information was gained on the sensor transduction pathway by comparing the properties of two
similar molecules, PAM and MAC, with their only significant difference being their flexible
versus rigid nature respectively. While signal changes in the MAC/SWNT device did not
significantly differ from that of a bare SWNT device, it has been concluded that, due to the
flexible nature of PAM, rearrangement of the chain molecule upon metal ion coordination
induces electron transfer with the SWNT network.
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Figure S2-10. Optical and electrical dependence of PAM/SWNTS to Cu®" ions

Figure S2-11. Electrical dependence of bare SWNTs to Cu®" ions.
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Experimental Section

Materials and Instrumentation. Chemicals were purchased from Aldrich and used as
received. Solvents were dried, distilled, and stored under argon. All reactions were carried out
under N, atmosphere unless otherwise stated. Column chromatography was performed using
Merck silica gel 60. Melting points (mp) were determined on an Electrothermal melting
apparatus and are uncorrected. UV/Visible spectra were obtained using a PerkinElmer Lambda
900 spectrophotometer. FT-IR spectra were recorded as thin film on NaCl plates or as KBr
pellets on an Avatar 380 Nicolet FI-IR spectrometer. Proton and carbon nuclear magnetic
resonance ('H-NMR) spectra were recorded on a Bruker DPX 300 (300 MHz) NMR
spectrometer at 25°C, using the deuterated solvent as lock and the residual solvent as internal
standard. Electron impact ionization mass spectrometry (EI-MS) was performed on a VG-
AutoSpec instrument. High resolution mass spectra were taken on a VG-Autospec double
focusing spectrometer. Molecular weights of polymers were determined by using a Waters Gel
Permeation Chromatography system equipped with Waters 510 HPLC pump, phenogel columns
and a Waters 410 Differential Refractometer at a flow rate of 0.4 mL/min. All molecular weights

were measured against polystyrene standards in THF.
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SchemeS 2-1. Synthesis of polyazomethine (PAM) and salophen macrocycle (MAC) in detail

Reagents and Conditions: (a)(i) n-BuLi, TMEDA, Et,0, reflux, 10 hr. (ii) DMF, H20, HCI, 28%; (b) BBr;, CH,Cl,,

then H,0, 90%; (c) CsH,,Cl, K,CO:/DMF, 80 °C, 36 h, 98%; (d) HNO/AcOH, 27%; (e(i) 10% Pd/C, N,H,, EtOH,

reflux, 70%; (ii) recryst, hexane, 46%; (f) CsH,;Br, CS,CO;/DMF, 100 °C 3 h, 60%; (g) 10% Pd/C, N,H,, EtOH,

reflux, 86%; (h) LiICUDMAP/HMPA/NMP, RT, 56%; (i)CHCl;/MeCN, 90 °C, 2 hr, 70%
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1,2-Dimethoxy-3,6-diformylbenzene (2).’’ Tetramethylethylenediamine (TMED) (4.61
mL, 180 mmol) was added to a solution of 1,2-dimethoxybenzene (1) (4.61 mL, 36mmol) in 50
mL of anhydrous Et,O at RT. A 1.6 M solution of n-BuLi in hexane (112.65mL, 180 mmol) was
added dropwise to the reaction mixture at 0°C. The mixture was then heated under reflux for 10
hours to form a grey yellow organolithium salt intermediate. After cooling to 0°C, anhydrous
dimethylformamide (DMF) (13.30 ml, 180 mmol) was added and the reaction mixture and
stirred for an additional 30 min. To the resulting orange mixture, 100 mL of H,O and 40 mL of
3M HCI were added and the product was extracted into 100 mL of Et,O three times. The product
was then washed with H,O, dried in Na,SOy, and the solvent was evaporated off. The product
mixture was separated by column chromatography (SiO,: Hexane/EtOAc, 10:1), and
crystallization from petrol ether yielded 1,2-dimethoxy-3,6-diformylbenzene as a light yellow
solid (1.98 g, 28%). m.p. 72-88 °C (light petroleum). 'H-NMR (CDCls) & 10.43 (2H, s, CHO),
7.62 (2H, s, aromatic CH), 4.05 (6H, s, OMe).
3,6-Diformylcatechol (3).** A 1.0 M solution of BBr; in 8.51 mL (8.51 mmol) fo CH,Cl,
was added dropwise through a septum with use of a syringe to a stirred solution of 500 mg (2.6
mmol) 1,2-dimethoxy-3,6-diformylbenzene (2) in SmL of dry CH,Cl, at —78 °C. The reaction
mixture was stirred under inert atmosphere for an additional 40 min at room temperature. The
reaction mixture was subsequently poured into 50 mL of ice water, stirred for 40 min, and then
saturated with NaCl salt. The product was isolated by extraction into 30 mL of CH,Cl, three
times, washed with H20, dried in Na,SO4, and evaporated to afford 3,5-diformylcatechol as a
grassy yellow solid (388 mg, 90%). m.p. 143-145°C (hexane). 'H-NMR (DMSO-D6) & 10.28

(2H, s, CHO), 7.25 (2H, s, aromatic CH). EI, m/e (relative intensity): 166.03 (100). HR EI-MS:
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calcd. For CgHgO4 (M+) 166.026609; found 166.026491. Anal. Calc’d for CsHgO4 : C, 57.87; H,
3.64. Found: C, 58.08; H, 3.79.

1,4-Dioctyloxybenzene (5). A solution of hydroquinone (4) (11 g, 0.lmmol), of 1-
chloroctane (51 mL, 0.3 mol), and of K,COs (69 g, 0.5 mol) in 200 mL of DMF was heated for
36 h at 80°C. After cooling, the precipitate was filtered off, and the solution was concentrated
under high vacuum. The product was isolated by precipitation with MeOH to afford 1,4-
dioctyloxybenzen as white solid (23g, 98%). Mp 55-56°C. '"H-NMR (CDCl;) & 6.82 (4H, s,
aromatic CH), 3.89 (4H, t, *Juyu = 6.6 Hz, OCH,), 1.75 (4H, m, CH,), 1.44 (20H, m, CH,), 0.88
(6H, t, *Jyy = 6.0 Hz, CH3).

1,4-Dioctyloxy-2,5-dinitrobenzene (6). Concentrated HNO; (25 mL) was added dropwise
to a solution of 1,2-dioctyloxybenzene (5) (15.2 g, 45.5 mmol) in 50 mL of glacial AcOH.
(Caution: extremely exothermic reaction). The reaction mixture was then heated at 80-90°C for
additional 5 min and another 25 mL of concentrated HNO3 was added. After cooling, 500 mL of
iced water was added to the reaction mixture, and the yellow precipitate was filtered from the
solution. The product is a mixture of 1,4-dioctyloxy-2,5-dinitrobenzene and 1,4-dioctyloxy-2,3-
dinitrobenzene, and they were subsequently separated by column chromatography (SiO;:
Hexane/EtOAc, 30:1 then 10:1). Crystallization from EtOH yielded 1,4-dioctyloxy-2,5-
dinitrobenzene as yellow sheet crystals (5.2 g, 27%): Mp 100-101°C. '"H-NMR (CDCl;) & 7.52
(2H, s, aromatic CH), 4.10 (4H, t, *Jun = 6.4 Hz, OCH,), 1.84 (4H, m, CH,), 1.33 (20H, m, CH,),
0.90 (6H, t, *JTuy = 6.6 Hz, CH3). Anal. Calc’d for CyH3¢N2Og : C, 62.24; H, 8.55; N, 6.60.
Found: C, 62.22; H, 8.65; N, 6.53.

1,4-Dioctyloxy-2,5-phenylenediamine (7). To a solution of 1,4-dioctyloxy-2,5-

dinitrobenzene (6) (580 mg, 1.37 mmol) in 40 mL of EtOH, 10% Pd/C (40 mg) and of hydrazine
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monohydrate (2.5 mL, 51 mmol)were added. The resulting solution was heated at 80°C for 5 h,
and brownish red solution became colorless. After cooling to room temperature, the catalyst was
filtered out and EtOH was evaporated under reduced pressure. 20 mL of hexane was added to the
flask and kept in the freezer overnight to provide the pure product 1,4-dioctyloxy-2,5-
diaminobezene as a white precipitate (220 mg, 46%). 'H-NMR (CDCls) & 6.34 (2H, s, aromatic
CH), 3.90 (4H, t, *Juy = 5.47 Hz, OCH,), 1.73 (4H, m, CH,), 1.28 (20H, m, CH,), 0.88 (6H, t,
Jun = 6.69 Hz, CHs). EI, m/e (relative intensity): 364.31 (83). HR EI-MS: calcd. For
CHyoN20; (M) 364.308979; found 364.309616.

1,2-Octyloxy-4,5-dinitrobenzene (9).”° To a mixture of 4,5-dinitrocatechol (8) (302 mg,
1.5 mmol) and Cs,CO; (984 mg, 3.0 mmol) in DMF (5 mL), 1-bromooctane (0.78 mL, 4.5
mmol) was added. The resulting mixture was stirred for 3h at 100 °C under a N, atmosphere.
After evaporation of the mixture, the product was purified by column chromatography (Si02,
hexane/EtOAc = 40/1) to yield 1,2-octyloxy-4,5-phenylenediamine as a yellowish solid (382 mg,
60%)

1,2-Octyloxy-4,5-phenylenediamine (10). To a solution of 1,2-Octyloxy-4,5-
dinitrobenzene (9) (580 mg, 1.37 mmol) in EtOH (40 mL), 10% Pd/C (40 mg) and hydrazine
monohydrate (2.5 mL, 15 mmol) were added. After Sh of refluxing, the hot solution was filtered
through Celite. After cooling, the white precipitate was filtered off and rinsed with chilled
MeOH to yield 1,2-octyloxy-4,5-diaminobenzene (430 mg, 86%). The diamine is quite unstable

to storage and the following steps were carried out immediately.
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FigureS 2-3. UV-vis absorption spectra of PAM and its constituent monomers
Spectra of PAM in solution (THF) and as a solid film deposited onto a quartz plate, and spectra of PAM’s
constituent monomers, 1,4-dioctyloxy-2,5-phenylenediamine (diamine (1)) and 3,6-diformylcatechol (dialdehyde

(2)), in THF are also given for a comparison.
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FigureS 2-4. Normalized absorption and emission spectra of PAM polymer (in THF)

It allow for estimation of the bandgap of the conducting polymer to be ca. 2.1 eV.
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FigureS 2-5. Optical reponse of PAM polymer in acidic and basic vapors
Absorption spectra of PAM polymer thin film on quartz plate as well as its response upon treatment with HCI and

NH3 vapors.
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FigureS 2-6. AFM images of bare SWNT, MAC/SWNT and PAM/SWNT

AFM images and section analysis of (A) bare SWNT, (B) MAC/SWNT, (C) and PAM/SWNT.
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FigureS 2-7. UV-vis-NIR absorption spectra of SWNT, PAM, and PAM/SWNT
UV-vis-NIR absorption spectra of SWNT (blue), PAM (red) and PAM/SWNT (green). Inset: Density of states

(DOS) diagram showing the electron transitions in SWNTs.
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FigureS 2-8. UV-vis-NIR absorption spectra of SWNT and MAC/SWNT

UV-vis-NIR absorption spectra of SWNT (blue) and MAC/SWNT (green).
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FigureS 2-9. UV-Vis titration of PAM polymer with CuCl,
The inset shows the absorption intensity of the complex (Amax=500nm) as a function of Cu*" to PAM ratio, where

the concentration of PAM is 10 M.
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FigureS 2-10. Opitcal and electrial dependence of PAM/SWNTSs to Cu®" ions
A) UV-Vis-NIR absorption spectra of a PAM/SWNT film (red) and the film upon addition of 10? M Cu®" ions

(blue). B) Conductance dependence of PAM/SWNT to varying concentrations (M) of Cu®" ions.
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FigureS 2-11. Electrical dependence of bare SWNTs to Cu”" ions

Real-time conductance measurement of a bare SWNT film exposed to varying concentrations of Cu®" ions.
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3.0 SOLID STATE PH SENSORS BASED ON CARBON NANOTUBES

The results presented in this chapter will be submitted for publication in the near future.

List of Authors: Pingping Gou, lan Matthew Feigel, and Alexander Star.

3.1 CHAPTER PREFACE

The aim of this work was to develop a SWNT-based pH-sensing platform based upon
noncovalent interactions between poly(1-aminoanthracene) (pAA) and oxidized SWNTs. It was
reported that the protonation and deprotonation of the carboxylic groups on oxidized SWNTs
could cause electrostatic doping/charging of the nanotube and therefore shift its Fermi level.58 In
this work, this effect was amplified by noncovalent interactions involving hydrogen bonding and
n-n stacking between pAA and SWNTs. The pAA/SWNT sensory system displayed high
sensitivity, selectivity, and stability. Moreover, the interactions and pH sensing mechanism were

investigated by the combined techniques of optical spectroscopy and electrical measurements.
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3.2 INTRODUCTION

Aqueous solutions receive a lot of attention as water covers over seventy percent of the planet
and is vital for all known forms of life. In water, hydrogen ions constantly transfer from one
water molecule to another forming two charged species: the hydroxide ion (OH") and the
hydronium ion (H3O"). While the relative concentrations of these two ions can vary, their
product remains constant. Addition of foreign species, such as an acid or a base, can adjust the
ratio of these two ions. The pH scale, a log concentration scale, has been developed to define
such solutions, which is related to the concentration of hydronium ions by pH = - log [H;O"].
Concurrently, the term pH originated from a French term meaning “power of hydrogen.” The pH
of a solution can have a significant effect on chemical processes, therefore both the measurement
and control of pH is important for materials, life, and environmental sciences. For example, it
would be beneficial to monitor the pH inside the human body, however is very difficult with
conventional technologies. Additionally, pH sensors which can be exposed to extraordinary
conditions, such as extreme temperature and pressure, can be applied in geochemistry for
monitoring pH levels inside the earth’s ocean and facilitate carbon sequestration technologies.
The most common pH sensors are glass electrodes with a salt solution-filled glass
membrane, however their applications are limited. Some common problems associated with such
electrodes include temperature dependence and errors in measurement under intense conditions
(i.e., low pH and low ionic-strength solutions).” Additionally, glass pH electrodes become
sensitive to alkali-metal ions at high pH, degrade if dehydrated, and require calibration with a
standard buffer, which has errors associated with itself. The field of ion-selective field-effect
transistors (ISFETs) which started more than 40 years ago® has promised development of

rugged, small, rapid response pH sensor devices. Additionally, ISFETs would not require
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hydration and would be inert toward harsh environments. While there are numerous advantages
of using ISFETs, one major limitation of the technology involves the requirement of a reference
electrode ultimately limiting their size.®” Continued efforts have been made to develop on-chip
tiny reference electrodes; however their need causes ISFETs to suffer the same limitations as
conventional glass pH electrodes. Therefore a crucial factor for development of ISFET remains
the reference electrode. We demonstrate here that carbon nanotube (CNT) based chemiresistors
could alleviate the aforementioned problems. Specifically, a chemiresistor based on CNTs only
requires measurement of the resistance of the nanotube network as a function of ion
concentration, making measurement relatively easy. The low-cost, rugged properties of CNT
based sensors and the excellent electronic properties of single-walled carbon nanotubes
(SWNTs) offer great potential as a platform for a stable, miniaturized pH sensor.

To achieve the required specificity to hydronium ions (H3O"), carbon nanotubes were
functionalized with a conducting polymer. Recently, conducting polymers have been studied for

detection of pH,°®** %

as their electrical properties strongly depend on their protonation, and
interestingly have shown very fast response when the sensing process occurs on the surface of
the polymer.®* However, a major problem of all organic conductors is their limited chemical
stability. CNTs can help to stabilize polymers, increasing the lifetime of the sensor device,>
while additionally increasing the aspect ratio of the polymer for facile integration into
micrometer sized electronics. It is apparent that by combining the two types of materials
synergetic effects are observed: First, the polymer contributes to the device selectivity, while the
carbon nanotubes provide a sensitive and robust platform necessary to chemically stabilize the

polymer. Polypyrrole (PPy) and polyaniline (PANi) polymers have been combined with

nanotubes toward the development of solid state pH sensor devices, ® however these
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electrochemical based devices require the use of a reference electrode which limits many
advantages of the system.

We have developed a pH sensitive device by combining oxidized SWNTs (0-SWNTs)
with a conducting polymer, poly(1-aminoanthracene) (PAA) that does not require the use of a
reference electrode. The pH levels can be monitored electrically by configuring the
nanotube/polymer composite as a chemiresistor as well as optically by depositing a film onto a
quartz plate. Specifically, the conductance of the PAA/o-SWNT network changes linearly with
respect to the concentration of hydronium ions in solution. Additionally the absorption of the S;;
electronic transition of a PAA/o-SWNT film is influenced by the presence of acidic (HCI) or
basic (NH3) gases (Fig. 3-2B). The low-cost, extremely small size, and sensitivity of this device

offers great promise toward the development of a low-cost solid-state pH sensor device.

33 EXPERIMENTAL

Materials: Pristine single-walled carbon nanotubes (SWNTs) were purchased from Carbon
Solutions, Inc (P2). 1-aminoantracene (AA), anhydrous acetonitrile (MeCN) and FeSO4-7 H,O
powder and were obtained from Sigma Aldrich. Tetrabutylammonium perchlorate (TBAP) was
prepared from the reaction of tetraalkylammonium bromide (Sigma Aldrich) and HCIO4. The
reaction product was recrystallized four times and dried under vacuum at room temperature
overnight. Phosphate buffers solutions were prepared from combinations of 0.01 M K,;HPOy,,
0.01 M KH,PO4. The pH was then adjusted with 1M HCI or 1M KOH and the ionic strength was

adjusted with 0.13 M KCI. The pH of the buffered solution was measured using a Mettler Toledo
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SevenGo SG2 pH meter. The pH meter was calibrated with standard buffered solutions obtained
from J. T. Baker.

Chemical oxidative polymerization of 1-aminoanthracene (AA):66 To a solution of AA (27
mg, 0.14 mmol) in CH3CN (8 mL), distilled water (8 mL) and sulfuric acid (68 pL, 1.2 mmol)
were added dropwise. With the resulting solution was stirred at 30 °C, FeSO47 H,O powder (1
mg, 3.6 umol) was added, followed by the slow addition of 30% H,0O, (50 pL). The reaction
mixture was stirred continuously for 48 hours under air at 30 °C to cause precipitation of a brown
solid. After quenching with ice water, the solid was collected on a membrane filter and washed
with methanol, 28% aqueous ammonia, and methanol again. The solid was then dried in vacuum
at room temperature to give poly(1-aminoanthracene) (PAA) as a brown solid in 90% yield. Gel
permeation chromatography (GPC) analysis using polystyrene standards in THF indicated that
there are 198 average repeating units in the PAA polymer main chain (M,, = 3.8 x 10* g/mol and
PDI = 1.12). GPC was performed on a Waters Gel Permeation Chromatography system equipped
with a Waters 510 HPLC pump, phenogel columns, and a Waters 410 Differential Refractometer
at a flow rate of 0.4 mL/min.

Preparation of conductive carboxylated SWNTs: SWNTs were dispersed in 20 mL of
concentrated H,SO4/HNOs (3:1). The mixture was subsequently sonicated for 2 hrs at 40 °C in
an ultrasonic bath (5510 Brasonic) to yield oxidized SWNTs (o-SWNTs) with lengths around
500 nm. Carboxylic acid groups were confirmed through FTIR spectroscopy. FT-IR spectra were
recorded as thin films on KBr pellets on an Avatar 380 Nicolet FI-IR spectrometer. Upon
completion, the mixture was added dropwise to 100 mL of cold distilled water, and then filtered
through 0.2-pm pore size PTFE (Teflon) laminated filter paper, and then washed with water until

no residual acid was present.
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Sensor Device Fabrication: Silicon chips with 300 nm thermal oxide layer and pre-fabricated
interdigitated Au electrodes (MEMS and Nanotechnology Exchange) were wire-bonded into a
40-pin CERDIP package, followed by passivation of the system with epoxy (EPO-TEK, Epoxy
Technology, MD USA). Aqueous suspensions (0.3 pL) of o-SWNTs in N,N-dimethylformamide
(DMR) were dropcast onto the Si chips and allowed to dry in ambient. PAA was subsequently
added to the o-SWNT network via Electropolymerization (EP) of the monomeric units, AA, into
the polymer, PAA.®” EP was performed with a CH instruments electrochemical analyzer with o-
SWNTs configured as the working electrode in a three-electrode single compartment
electrochemical cell. A platinum wire and a Ag/AgCl quasi-reference electrode were used as the
auxiliary and reference electrodes, respectively. Anhydrous acetonitrile was used as the
electrolyte solution which contained the supporting electrolye, TBAP (0.1 M), and the
monomeric units, AA (1 mM). PAA was prepared on the o-SWNT film using cyclic
voltammetry by sweeping the electrode potential between 0 and + 0.8 V at rate of 0.05 V/s. 24 hr
prior to testing, the electrodes were conditioned in an aqueous solution containing a phosphate
buffer (pH = 5.60). The formation as well as morphology of PAA was characterized through
scanning electron microscopy (SEM). SEM was performed on a Philips SL30 FEG microscope
at an accelerating voltage of 10 keV.

Electrical Measurement: For pH-solution sensing, devices fabricated as explained above were
modified with a custom Teflon flow cell powered by a variable flow mini-pump at a rate of
0.205 cm’/min. A Teflon cube, attached with silicone to the CERDIP package through silicone
rubber sealant, was used to expose the device to varying buffered pH solutions, while
simultaneously keeping the buffered pH solutions in a closed system. Conductance of the

nanotube network was measured at a constant voltage (Vsp) of 50 mV, and were taken with a
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Keithley 2400 source meter. Specifically the conductance through the nanotube network was
determined by measuring the current at a constant bias voltage of 50 mV.

Spectroscopic Measurement: UV-vis-NIR absorption spectra studies were taken by a Perkin-
Elmer Lambda 900 UV-vis-NIR spectrophotometer. In the case of thin film measurements, an
Iwata HP-BC Plus airbrush was used to spray a DMF suspension of o-SWNT onto a 1" x 1"
quartz plate at 180°C. PAA in THF was added to the SWNT network via spincoating and dried

in ambient.

3.4  RESULTS AND DISCUSSION

The PAA polymer was synthesized following a published procedure.®® The AA monomeric units
were homogenously dissolved in acetonitrile (MeCN), and with addition of H,O, in the presence
of catalytic FeSOy, the brown solid PAA polymer was formed in 90 % yield (Scheme 3-1). The
polymer was characterized using GPC and indicated an average molecular weight as 198
repeating units in the PAA polymer main chain. To study the interactions between PAA polymer
and SWNTs as well as the response of the material to different pH solutions, a solution of PAA
in THF was spincast onto a network of previously deposited o-SWNTs. PAA 1is a polymer very
close in structure to polyaniline (PANi), having an anthracene group instead of benzene. For this
reason it is expected that PAA and SWNT will have stronger interactions than PANi/SWNT due
to m-m stacking, which can be observed through UV-Vis-NIR spectroscopy. PANi interactions

33,68
d>>

with SWNT have been heavily studied and well documente and will serve as a good

comparison to the research conducted in this report.
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1-amino anthracene (AA) poly(1-aminoanthracene) (PAA)

Scheme 3-1. Sythesis of poly(1-amino anthracene ) (PAA)
Synthesis of poly(1-amino anthracene ) (PAA) from l-amino anthracene (AA). a) H,O,, Fe*', 30°C; b) NH,OH.

Adapted from Reference 66.
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UV-vis-NIR absorption spectroscopy was chosen to investigate the interaction of PAA
polymer with o-SWNTs as well as the response of PAA/o-SWNT to acidic and basic vapors
(Figure 3-1). UV-vis-NIR proves a useful technique to probe electron transfer in SWNTs, "%
as SWNTs have a unique electronic structure with several van Hove singularities.”” A density of
states (DOS) diagram of metallic and semiconducting SWNTs is depicted in Figure 3-1B
specifically showing the transition bands of the two types of SWNTs. Electronic transitions
between corresponding singularities in the valence band (VB) and the conduction band (CB)
result in absorption bands observed in the UV, visible, and NIR regions of the electromagnetic
spectrum (Figure 3-1A). A solid film was necessary in order to monitor the S;; electronic
transition, the most sensitive transition band as it corresponds to the top of the valence band. The
film was produced by first spraycoating o-SWNTs from a solution of dimethylformamide (DMF)
onto a quartz plate followed by spincoat deposition of the polymer from a solution of
tetrahydrofuran (THF). Figure 3-1A shows the entire range of the UV-Vis-NIR absorption
spectra of an o-SWNT film (blue), a PAA/o-SWNT film (red), and the response of the PAA/o-
SWNT film to acidic (HCI) and basic gases (NH3). A comparison of the optical properties of o-
SWNT film to that of the polymer coated film shows a distinct red shift in both the Sy, and Sy,
electronic transitions, and an increased S;;/Sy; ratio (S;1/S;; = 1.37) over bare o-SWNT film
(S11/S22 = 1.15). The red shift is indicative of the attachments of PAA to the o-SWNT surface

: . 42,71
through noncovalent interactions.**’

The enhancement in S;;/Sy; ratio suggests the electron
donation to valence band of semiconducting SWNT. Figure 3-1C demonstrates how the device’s
spectrum changes when it is exposed to NH; and HCI gas. A significant change in the intensity

of the S transition was observed for the exposure of such proton donating/withdrawing gases

(Brensted-Lowry acids/bases). Specifically there was an increase in absorption for NH3 gas and a
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decrease in absorption for HCI gas. A change in the S;; transition band has been attributed to the
amount of electrons added to or removed from the nanotube network.'” Specifically, a decrease
in the S;; absorbance (which corresponds to an increase in conductance vide infra) can be
attributed to electrons being removed from the partially filled SWNT valence band. Importantly,

the device absorption recovers fully when HCI is purged and NH; reintroduced (Figure 3-1C)
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Figure 3-1. Optical measurements of PAA/0o-SWNT film

A) UV-Vis-NIR absorption spectra of an o-SWNT film (blue) (spraycast from solution onto a quartz plate) and a
PAA/o-SWNT film (red) (spincoat from solution onto the quartz plate). Inset: magnification of the spectra showing
red shifts of the S;; and S,, bands. The red shifts observed are indicative of noncovalent interactions between PAA
and nanotubes. B) Density of states (DOS) diagram showing the transition bands of metallic and semiconducting

SWNTs. C) Optical response of the PAA/o-SWNT film to acidic (HCI) and basic (NH3) gases. The S;; electronic

transition reveals a significant decrease in absorption for the acidic gas and an increase for the basic gas.
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Configuring the device as a chemiresistor allows for direct real-time electrical
measurements of the system as a function of analyte as well as analyte concentration. A
chemiresistor is a device that changes resistance upon exposure to an analyte of interest. The
PAA/o-SWNT can be integrated easily into such a device by depositing o-SWNTs on top of a
Si/Si0O; chip containing interdigitated gold electrodes, followed by electropolymerization (EP) of
PAA on o-SWNTs. The formation of PAA has been confirmed by scanning electron microscopy
(SEM). An image of an EP prepared device after 30 CV cycles is given in Fig 3-2B showing the
morphology of the polymer. A higher magnification image (below) reveals o-SWNTs that are
not connected to the nanotube network. Since these 0-SWNTs were not connected to the “W.E.”
no polymer was deposited onto them. First, o-SWNTs in DMF are dropcast onto the chip and
dried in ambient, followed by formation of PAA via electropolymerization (EP). Figure 3-2A
depicts a typical device setup for EP of aminoanthracene (AA) to poly(l-aminoanthracene)
(PAA).?” In this three electrode electrochemical cell, a network of oxidized single-walled carbon
nanotubes (0-SWNTs) is used as the working electrode (W.E.). The potential of the W.E. is
varied with respect to a quasi-reference electrode (R.E.) (Ag/AgCl), while the Pt wire auxiliary
electrode (A.E.) is used to monitor the current produced without changing the potential of the
R.E. By sweeping the potential of the working electrode while the system is submerged into an
electrolyte solution (TBAP in MeCN) containing AA monomeric units, PAA is formed. More
specifically by sweeping the potential between 0 to + 0.8V at a sweep rate of 0.05 V/s, one cyclic
voltammetry (CV) cycle is completed, and thus formation of PAA. The resulting current, plotted
versus potential in Fig 2C, tells us information about the EP process. With an increase in the

number of cycles from 1 (red) to 30 cycles (purple), peaks for the oxidation of the monomeric
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unit (A1) decrease in amplitude and the peaks for dimer and oligomer units (A2) increase in
amplitude.

By holding the voltage passing through the o-SWNT network (Vsp) constant and
measuring the resulting current (Isp) as a function of analyte, the sensitivity of the chemiresistor
to various analytes can be determined with relative ease. A custom-built Teflon flow cell was
fabricated on top of the sensor device in order to facilitate the flow of various solutions over the
device, while simultaneously maintaining a steady-state diffusion of hydronium ions (Figure 3-
3D). Figure 3-3A presents a conductance versus time plot for a PAA/o-SWNT device (Vgp)
showing response to buffered solutions from pH = 2 to pH = 12. An increase in conductance is
observed for increasing amounts of H;O" ion (Brensted-Lowry acid) which is in agreement with
the optical measurements discussed above. Specifically increasing the amount of H;O" ions in
solution withdraws electrons from the partially filled SWNT VB increasing the electrical
conductivity. Furthermore, plotting the relative response (AG/Gy) of the device versus pH
(Figure 3-3B) reveals a linear calibration curve with very little variance (R* > 0.99). This scaling
relationship between response and pH is necessary toward development of a sensor device, and
the deviation between the responses from 12 to 2 and that from 2 to 12 is minuscule (most error
bars are smaller than the markers themselves). The PAA coated o-SWNT electrodes were robust
as even 8 days after fabrication and initial testing, the device characteristics have not
significantly degraded (Fig 3-4A).

Control experiments were performed in order to further evaluate sensor performance and
elucidate the mechanism of detection. In order to determine that the functionalization platform is
specific to hydronium ions, Ca*" and Na” were tested as control analytes (Figure 3-4B). The

PAA/0o-SWNT device did not respond to concentrations of such ions in the range of 10 to 10
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M, comparable to the range of concentrations of H3O' ions tested. Pristine SWNTs
functionalized with PAA via EP resulted in a platform not sensitive to pH (Figure 3-4C), leading
to the conclusion that oxidation of SWNTs is required. It is hypothesized that the carboxylate
groups on the surface of 0-SWNT are required for attachment of the polymer to the nanotube via
hydrogen bonding. Additionally, o-SWNT without the PAA layer are sensitive to pH, however,
the response is very small and shows relatively large noise, implying the enhancement of
electrical signal by PAA coating (Figure 3-4D). Previous experiments suggest a mechanism
based on interclation of H' ions into the SWNT bundle, diffusion of H' inside the tubes, or

protonation of carboxylate groups.’®
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Figure 3-2. Device fabrication and characterization of PAA/o-SWNT
A) Generalized schematic of electropolymerization (EP) of poly(1-aminoanthracene) (PAA) onto oxidized single-
walled carbon nanotubes (0-SWNTs) using the nanotube network as the working electrode (W.E.) accompanied by a
Ag/AgCl quasi reference electrode (R.E.) and a Pt wire auxiliary electrode (A.E.). The whole system was submersed
into an electrolyte solution (TBAP in MeCN) containing the aminoanthracene (AA) monomeric units (represented
by the orange spheres). Performing cyclic voltammetry (CV) results in formation of PAA, and after removal of the
liquid cell, the device is ready for testing. B) Microscopy images of a typical devices (after 30 CV cycles). Scanning
electron microscopy (SEM) images depict the morphology of the polymer formed. A higher magnification image
(below) shows some SWNTs not connected to the network, without polymer coating. C) Cyclic voltammetry of EP
of PAA onto o-SWNT. As the number of cycles increase, from 1(red) to 30 cylces (purple), the oxidation peaks for

the AA monomeric unit (A1) disappear and the peak for PAA (A2) appear.
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Figure 3-3. Electrical measurements of PAA/o-CNT
A) Conductance vs. time for PAA/o-CNT (18 cycles) for pH from 12 to 2 and back to 12 (increments of 1 pH unit).
An increase in conductance is observed for increasing amounts of protons in solution, which is in agreement with
absorbance measurements. B) A relative response plot of the device in A shows that the response over the given pH
range and has very little variance (R* > 0.99). C) Stability of the device over in a buffered solution (pH = 7) for more

than two hours. D) Schematic illusion of custom-built Teflon flow cell fabricated on top of the sensor device.
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Figure 3-4. Additional/Control experiments for PAA/SWNT
A) Conductance (G) vs. time of PAA/o-CNT 8 days after original test (Figure 3A). B) Cross sensitivity tests for the
response of PAA/o-CNT (PAA dropcast from solution) to Ca® and Na' ions. The response was negligible. C)

Response of PAA/pristine-SWNTs to pH. D) Response of o-SWNT (no PAA) to pH.
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Scheme 3-2 depicts the mechanism of detection of pH for o-SWNT and PAA separately.
As seen in Scheme 3-2A, by increasing the concentration of H' ions in solution the carboxylate
groups (-COQO") of the SWNT get protonated. The pH response of PAA coated o-SWNTs is
primarily related to the PAA conductivity. Due to the similarities of PAA and PAni, looking at
the mechanism of pH detection of PAni can provide insight into the detection mechanism for
PAA. PAni pH sensitivity is attributed to the reversible acid/base doping of the polymer which
exhibits a measurable effect on the electrical properties of the polymer.’* Specifically, acid
doping of PAni consists of the addition of a proton and a counter ion for every imine nitrogen in
the polymer backbone, causing a significant increase in the conductivity of PAni. This is in
agreement with the electrical results obtained from PAA in this report.

Table 3-1 summarized the effect of the number of CV cycles on the sensitivity of the
device to pH. Sixty cycles does not show any response to pH due to the thickness of the polymer
layer. It is important to note that the number of CV cycles is relatively arbitrary, as the dropcast

o-SWNT network is difficult to control and thus varies quite largely (i.e. affecting the W.E.).
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Scheme 3-2. Proposed mechanism of detection pH for pAA and SWNT

A) Upon addition of H' to 0-SWNT, the oxygen in the COOH group gets protonated. B) Upon addition of H' to

PAA, the imine (C=N) group gets protonated.
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Table 3-1. Summary of the effect of the number of CV cycle on the sensitivity of the devices

0 -0.0019 + 0.0004
10 No response
18 -0.145 £ .002
20 -0.025

30 -0.194

40 -0.214

60 No response
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4.0 BIOSENSORS BASED ON CARBON NANOTUBES FOR METAL ION

DETECITION

4.1 INTRODUCTION

4.1.1 Carbon nanotubes as biosensors

SWNTs have several significant advantages for biosensing applications: (1) Their diameters are
comparable to the size of biological species; (2) they have every atom located on the surface,
which makes them highly sensitive to changes in their local chemical environment;” (3) they are
micrometer in length so they can be integrated in micrometer-scale electronic devices; and (4)
their electrical properties offer a platform for electronic detection of electrostatic interactions and
charge transfer that commonly occur in biosensing.

Two common SWNT-based electronic devices were applied for direct electrical detection
of biomolecules: chemiresistor*>*® 7 " and field-effect transistor (FET).’®>” "% In both
configurations SWNTs form the conducting channel connecting the source (S) and drain (D)
electrodes (Figure 4-1). The interaction between biomolecules and SWNTs can induce changes
in electronic properties of SWNTs, thus appearing as conductance change of the devices.

For SWNT-based FET (NTFET) devices, two typical gating configurations are

employed: backgate configuration (Figure 4-1) and liquid-gate configuration (Figure 4-2). In the
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first configuration, conductive Si is used as a bottom-gate, and separated from a conducting
channel of SWNTs by a thin insulating SiO, layer. However, the source-drain current of this
device can be influenced by the screening effect of species bound on SiO,, thus reducing the
signal. In the second configuration, the whole device is immersed in a buffer electrolyte solution.
The reference electrode is to calibrate the gating potential, while at the same time a source-drain
current is achieved by setting the source and drain electrodes at a constant bias voltage and

sweeping the gate voltage (V) between positive and negative values.
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} 15 um

Figure 4-1. Schematic representation of a back-gate nanotube field-effect transistor (NTFET) device
The device with SWNTs (black) contacted by source (S) and the drain (D) electrodes (light brown), and a Si back
gate (green), separated by a SiO2 insulating layer (dark brown) in a transistor-configured circuit. Enlarged image is
scanning electron microscopy (SEM) image of a typical NTFET device consisting of a random array of carbon

nanotubes.
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Figure 4-2. Schematic illustration of detection in liquid with functionalized NTFET by using liquid gate

configuration
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4.1.2 Interactions between Carbon Nanotubes and Protein Molecules

The interaction between carbon nanotubes and protein molecules can primarily be described as
non-specific. Hydrophobic interactions are widely thought to contribute to the adsorption of
aromatic species onto the surface of carbon nanotubes. However, non-specific adsorption is more
complicated. Recently, it was demonstrated that protein adsorption is related to the amino
affinity of carbon nanotubes.”

Basically, the effects of proteins on nanotubes’ conductance may have two types of
mechanism. The first involves charge transfer from charged biomolecules to the carbon
nanotubes. The second is attributed to scattering potential developing across the carbon nanotube
because of the protein adsorption. These two mechanisms can be distinguished by FET
measurements.’’ In a charge transfer mechanism, the resulting threshold voltage will be shifted
to more positive values by electron withdrawing species, or to more negative values by electron
donating species. While in a scattering mechanism, an overall drop in conductance may be
observed, due to protein adsorbed on the sidewalls of SWNT. In addition, the adsorbed species at
metal contacts or nanotube-metal contact interfaces can modulate the metal work functions and
thus the Schottky barrier.* However, the exact mechanism of biodetection using NTFET is

complicated and may involve a combination of all mechanisms discussed above.

4.1.3 NTFET fabrication

NTFET devices were fabricated by patterning interdigitated microelectrodes (source-drain
electrode spacing of 10 um) on top of a 200 nm oxide layer on Si substrates using

photolithography and e-beam evaporation of 30 nm Ti and 100 nm of Au. Three kinds of
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SWNTs were used to fabricate FET. Pristine SWNTs and carboxylated SWNTs (P3-SWNTs)
were purchased from Carbon Solutions Inc, o-SWNTs were obtained by sonication of SWNTs in
a mixture of concentrated H,SO4/HNOj3 (3:1) acids for 2h, which was detailed above. 0-SWNTs
and P3-SWNTs were dropcasted on Si chip with interdigitated gold electrodes; pristine SWNT
networks were deposited on FET by dielectrophoresis (DEP) technique from N,N-dimethyl-
formamide (DMF) suspension. Two Keithley 2400 sourcemeters were used for FET
measurements. The electrical performance of each device was investigated in an electrolyte
gated FET device configuration. The conductance of the NTFET device was tuned using the
electrolyte as a highly effective gate. A small chamber was placed over the NTFET device to
control the liquid environment with buffer solution. A liquid gate potential (-0.75 to +0.75 V)
was applied using an Ag/AgCl (3 M KCI) reference electrode submerged in the electrolyte. The
source-drain current of the device was measured at a constant source drain voltage of 50 mV.
Transfer characteristics (i.e., source-drain conductance (G) vs gate voltage (Vg)) were measured

to investigate the interactions between analytes and carbon nanotubes.
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4.2 CALMODULIN MODIFIED SWNTS FOR DETECTION OF CALCIUM IONS

4.2.1 Introduction

Calcium (Ca’") is recognized as an important intracellular second messenger in response to
extracellular stimuli. Within a typical cell, the intracellular Ca®" concentration is roughly 100
nM,* which contains ~ 60 Ca®" ions. Increase in the cytoplasmic Ca®* concentration induces
binding of Ca®" by intracellular regulatory proteins, thus initiating a wide variety of cellular
processes.® A Ca*-dependent regulatory protein, calmodulin (CaM) is a small (148 amino
acids), acidic protein consisting two globular domains connected by an extended linker.* When
the intracellular calcium level rises to 10 M, four Ca*" ions bind to calmodulin, two each in the
N-terminal and C-terminal lobes (Figure 4-3).

Calmodulin contains two pair of EF-hand motifs that resemble the spread thumb and
forefinger of the human hand in helix-loop-helix topology, and change conformation upon
binding Ca®".** Each EF-hand motif has two o-helices connected by a 12-residue loop. In the
absence of Ca”", the a-helices in the EF-hand motif are positioned almost parallel to each other,
known as a “closed” conformation (Figure 4-3a). As Ca>” binds to the loop region, a-helices of
the EF-hand motifs change their position relative to each other, forming a dumbbell shape, also
known as an “open” conformation (Figure 4-3b).*%

The most interesting feature of CaM is its large conformational changes from closed to
open form, which induces the opening of the solvent accessible hydrophobic surface. This Ca*'-
induced conformational transition was confirmed by Zheng et al using NMR and X-ray
method.® A large solvent-exposed hydrophobic surface is located in both domains of Ca*"-CaM.

Each hydrophobic surface is surrounded by a polar rim which is rich in negative charges. The
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center of each surface has a deep hydrophobic cavity that is ready for capturing an aromatic or
long aliphatic side chain of the target proteins. Thus in the open form, the extensive hydrophobic
interactions and electrostatic interactions could occur simultaneously between Ca’’-CaM and
target proteins. This central deep hydrophobic cavities is completely absent in Ca>* free-CaM, or
apo-CaM, resulting in a negatively charged but a partially hydrophobic surface in apo-CaM.

In this work, we show that CaM-modified NTFET can be used to detect Ca>" ions, and

monitor changes in the interaction between CaM and SWNTs.

(b)

Figure 4-3. Structure of apo CaM and Ca**-CaM

(a) apoCaM, protein data base (PDB) ID = 1CFD, and (b) Ca**-CaM PDB ID =1CLL
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4.2.2 Experimental

NTFET devices were fabricated with high defect o-SWNT. For real-time conductance
measurements, 0-SWNT and pristine SWNTs were drop-cast on Si chips with interdigitated gold
electrodes, respectively; electrical conductance of the chips was monitored with Keithley 2602
SourceMeter.

Both types of devices were functionalized with CaM. Briefly, surface functionalization of
SWNTs with CaM was performed by incubating the Si chips with 500 pg/mL CaM in HEPES
(10mM, pH = 7) for 1 h at room temperature, followed by rinsing with deionized water.

Ca*" solutions were made from 10°-107 M in HEPES (10mM pH =7)/KCl (10mM). Zn*"
solution (10™* M) in same buffer solution was used as control. The functionalized NTFET chips
were incubated for 10 min in different concentrations of metal ion solutions and later washed

three times with DI water.

4.2.3 Result and Discussion

FET Study

The liquid gate FET measurements of bare NTFETs exhibited p-type transfer characteristics
(Figure 4-4). The ON/OFF ratio of the device was below 10 due to the presence of metallic
SWNTs in the networks. After functionalization with the CaM, the conductance was increased
with positive shift in gate voltages (Figure 4-4). This observation demonstrated the adsorption of
CaM on the surface of SWNTs. Known as an acidic protein (pI ~ 3.9-4.3),%**” apo-CaM was
negatively charged in buffer solution (pH = 7.4). Thus adsorption of a negatively charged apo-

CaM caused electrostatic gating to SWNT by inducing additional positive charge in the SWNT,
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thus p-doping the SWNT and shifting the I-V, curve toward more positive gate voltages.* To
study selectivity, the CaM-functionalized devices were treated with Ca*" ions and Zn** ions as
the control. When treated with Ca** (1uM in HEPES), a decrease in ON conductance was
observed. While treated with Zn”" at 100 times higher concentration (0.1 mM in HEPES), the
transfer characteristics remained unaffected, indicating excellent selectivity between Ca”" and
Zn*" ions. The selectivity can be explained by conformational change of CaM. Binding of Ca*"
triggered exposure of the hydrophobic cavity in both domains to the surface of the SWNTs, thus
enhanced 7m-m interactions between protein and SWNTs induced a drop in conductance by the
scattering mechanism. On the other hand, Zn*" had no effect on the conformation of CaM,
resulting in an undisturbed I-V, curve.

Additionally, the sensitivity of NTFET devices was investigated by plotting the G vs Vg
for CaM functionalized devices at different concentrations (0.1 pM to 1 mM) of Ca®" ions
(control measurements with 0.1 mM Zn>") (Figure 4-4). The decrease in conductance was
recorded with increasing concentrations of Ca”" ions. In addition to increased hydrophobic
interactions, increased electrostatic gating by binding positively charged Ca®" ions may
contribute to the observed drop in conductance.

Figure 4-5 shows that the response AG/Gy of the CaM/NTFET increased with the log of
Ca®" concentration, and this concentration dependence was linear in the range of 0.1 pM —1 mM.
The NTFET response to the lowest concentration (0.1 pM) of Ca*" was higher than the response
to 0.1 mM of the control Zn>*, demonstrating excellent selectivity. The detection limit of NTFET
devices was comparable to other techniques traditionally used for Ca*" detection such as flame
emission (1.75 uM), inductively coupled plasma (ICP) (0.15 uM), ion chromatography (0.025

uM), and inductively coupled plasma-mass spectrometry(ICPMS) (0.02 uM).
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Figure 4-4. Electronic detection of Ca®-CaM interactions on NTFET device
Conductance (G) vs gate voltage (Vg) of bare NTFET device (black line) after functionalization with CaM (orange

line), and after addition of 1 uM Ca* (purple line) and the control Zn* (green dots).
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Figure 4-5. Sensitivity study with Zn”" as control on CaM-modified NTFET devices
Sensitivity study with Zn*" as control and varying concentration of the Ca®* (0.1 uM to 1 mM). (Top) NTFET
characteristics and (bottom) the biosensor calibration plot: normalized change in the device conductance versus

metal ion concentrations.
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Conductance Measurements

The real-time detection of Ca**-CaM interactions was performed by pumping Ca*" solutions with
varying concentrations (1 uM to 0.1 mM ) to CaM functionalized NTFET covered by a chamber.
The signal was recorded as a plot of conductance versus time, and conductance of Ca*'-free
HEPES buffer was set as Gy. Figure 4-6 showed the same response as the liquid-gate NTFET
study: conductance decreased upon addition of Ca*" ions from 1 uM to 0.1 mM. The response of
conductance change upon treatment with Ca*" was biphasic. The faster drop was attributed to
Ca”" binding dynamics on the millisecond time scale,* the subsequent slower drop could be
explained by hydrophobic interactions initiated by Ca** binding to CaM, and this time scale may
span from seconds to many minutes.”’ Then the signal could be recovered as Ca”" ions were
bleached by a Ca*"-free buffer (HEPES) flowing through the device. Addition of Ca®" for second
cycle produced the same relative response as the first cycle.

In a control experiment, the device was fabricated from pristine SWNTSs, and incubated
with CaM for the same period as in the 0-SWNTs case. When the varying concentration of Ca*"
in buffer solutions were flowing across the device, no measurable electrical response was
observed (Figure 4-7). This observation indicated that apo-CaM offered higher affinity on
oxidized SWNTs, likely attributed to electrostatic interactions. In addition, because of less
hydrophobic surface exposed in apo-CaM, even nonspecific adsorption, apo-CaM seemed not
strongly bind to exterior surface of pristine SWNT.

In another control experiment, when a device fabricated with bare 0o-SWNT was treated
with Ca®" ions (Figure 4-8), the conductance showed no change until concentration of Ca®" ions
reached 0.1 mM. Binding of Ca®" to carboxylate groups on the surface of oxidized SWNTs

contributed to the drop in conductance. This experiment carried out with unmodified SWNT
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indicate that the responses obtained at low concentration of Ca*" ions are indeed arise from Ca*"
binding to CaM receptor. Additionally, compared to Ca*" detection with pristine SWNT device,
it seemed that Ca*" ions in flowing solutions was insufficient to modulate the device Schottky
barrier (SB) by changing the metal work function.

AFM Study

Finally, AFM imaging was performed to observe the surface morphology of the CaM-SWNTs
composite before and after addition of Ca®". The CaM-SWNT sample was prepared by mixing a
suspension of 0-SWNT (~ 0.01 mg/mL in HEPES) and CaM (~ 1 uM in HEPES) and incubated
for 1h at room temperature. The carboxylic functional groups impart hydrophilicity to the
nanotubes and afford stable aqueous suspensions without apparent aggregation for 1 day.

The size changes between apo-CaM /SWNT and CaM-SWNT with addition of Ca*" were
difficult to investigate by AFM technique (Figure 4-9). Actually, AFM images did not reveal any
significant difference in total height. However, there were some changes in the surface
morphology for CaM adsorbed on SWNTs before and after addition of Ca®". AFMs image for
apo-CaM on SWNTs revealed bright spots, indicating CaM molecules attached on SWNTs.
After treatment with Ca®’ ions, the surface of SWNTs was almost fully covered, attributed to
enhancement of hydrophobic interactions between CaM and SWNTs. The surface morphology in

AFM is in good agreement with the results obtained from electronic measurements.
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Figure 4-6. Real-time detection of the binding of Ca*" to a CaM/0o-SWNT device

The device was tested in a flowing buffer solution (HEPES 10mM pH=7.4) with varying concentration of Ca*" (10

-10™*M).
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Figure 4-7. Control experiment on a pristine SWNT device
Real-time detection of the binding of Ca®’ to a pristine SWNT device that was pre-incubated with CaM in a flowing

buffer solution (HEPES 10mM pH=7.4) with varying concentration of Ca* (10°- 10> M).
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Figure 4-8. Control experiment on a bare o-SWNT device
Real-time detection of the Ca** on a bare 0-SWNT device in a flowing buffer solution (HEPES 10mM pH=7.4) with

varying concentration of Ca*" (10 - 107 M).
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(a) (b)

Figure 4-9. AFM images of apo-CaM/SWNTs and Ca*'-CaM/SWNTs

(a) apo-CaM on SWNTs, (b) CaM-SWNTs after addition of 1 pM of Ca*".
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4.2.4 Conclusion

In summary, we have demonstrated application of NTFET devices for highly selective detection
of interactions between Ca®" ions and CaM. The interaction between Ca’" and CaM was
transduced into changes in the device conductance (AG). Moreover, the AG of CaM/NTFETs
increased linearly with the log of [Ca®'] over the range of 107 - 10°* M. In order to further
investigate Ca’"-induced conformational change for CaM, some targeted proteins such as CaM
kinase I/II/TV, CaM kinase kinase, and myosin light chain kinase will be used to bind Ca**-CaM

in the future study.
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4.3 BACTERIOFERRITIN MODIFIED SWNTS FOR DETECTION OF IRON IONS

4.3.1 Introduction

The element iron is essential for life and plays a number of key roles in molecules and
mechanisms where the oxidation states of iron is biologically relevant, i. e. insolubility of Fe**
ions and potential of soluble Fe*" to catalyze the formation of cell-damaging free radicals in the
presence of O,.”! To overcome these problems, iron storage proteins, termed ferritin and ferritin-
like proteins, have been developed by Nature. The ferritin family of proteins possesses a form of
spherical protein coat surrounding a hollow center, where a large amount of iron can be stored
and mineralized.”

Bacterioferritins (Bfrs) are composed of 24 subunits that assemble into a spherical protein
with a hollow internal cavity. Bfrs are unique among ferritins in that they contain up to 12 heme
molecules.” Basically, the iron storage process starts when Fe”" is captured by the protein to
form a diferrous center, known as the ferroxidase center, where it is oxidized to Fe*".>* Structural
studies with bacterioferritin from Escherichia coli (Ec Bfr) revealed that the ferroxidase center in
Ec Bfr is stable in diferric form and does not return spontaneously to the apo form. In addition,
the ferroxidase center does not act as a pore for entry of iron into the internal cavity.”>”” In the
structure of Bfr from Azotobacter vinelandii (Av Bfr) the ferroxidase center is occupied by two
irons but the Fe, position (nomenclature as in Figure 4-10B) has low occupancy, suggesting the
translocation of Fe’™ from the ferroxidase center to the interior cavity.”® Distinct from those two
types of Bftrs, Pseudomonas aeruginosa bacterioferritin B (Pa BfrB) that can mineralize ~600

iron atoms in its core harbors a completely empty ferroxidase center.”* Structural studies indicate
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that the ferroxidase center in Pa BfrB functions in a dual role, as a cofactor and as a pore for the
oxidation and internalization of iron (Figure 4-10).
In this work, we used PaBfiB modified NTFET devices to detect capturing of Fe*" ions

and investigated dual functions of ferroxidase center.
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Figure 4-10. Structure of Pseudomonas aeruginosa bacterioferritin B (Pa BfrB) and its ferroxidase center
upon complexation of Fe** ions.
(A) Fe-soaked Pa BfrB structure viewed from the interior cavity. The iron ions are represented by orange spheres.
(B) Overlap of the Fe-soaked (magenta) and mineralized (green) Pa BfrB structures in ferroxidase center: All
residues possess similar conformations with the exception of His130, which is rotated toward the ferroxidase center

in the Fe-soaked structure, as indicated by the arrow, to assist Fe2 binding. Adapted from Reference 94.
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4.3.2 Experimental

NTFETs were fabricated with three types of SWNTSs: pristine SWNTs, carboxylated SWNTs
(P3-SWNTs) and oxidized SWNTs (0-SWNTs). All NTFET devices were noncovalently
functionalized with Pa BfrB. Briefly, surface functionalization of SWNTs with Pa BfrB was
performed by incubating the Si chips with 500 pg/mL Pa BfrB in the buffer 2-(N-
morpholino)ethanesulfonic acid (MES) (100 mM)/KCl (100mM) (pH = 6.5) for different period
of time, 1h at room temperature, 6h and up to overnight at 4 °C, followed by rinsing with 1x PBS
buffer.

Fe”" solutions were prepared in a range of concentrations of 10"2-10* M from MES (100
mM)/KCI (100 mM) (pH =6.5), sealed in capped vials and filled with nitrogen gas to slow down
oxidation of Fe*" ions in the air. 10*M Ca®" solution in the same buffer solution was used as a
control. Zn*" solutions in range of 10210 M from MES (100mM)/KCl (100mM) (pH =6.5)
were made for competition experiments. The functionalized NTFET chips were incubated for 10
min in different concentrations of metal ion solutions and later washed three times with 1x PBS
buffer.

Pure iron-free Pa BfrB was obtained from Rivera Group.’*

4.3.3 Results and Discussion

Selectivity Study
The liquid gate FET measurements of bare NTFETs exhibited p-type device characteristics
(Figure 4-11). After functionalization with Pa BfrB, a decrease in conductance with a slight

negative shift in gate voltage was observed, indicating the interaction between Pa BfrB and
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SWNTs (Figure 4-11). A drop in conductance can be attributed to the net negative charge of the
Pa BfrB (pl ~ 5.85) at the measured pH of 6.5 and charge transfer to SWNTs. In a control
experiment, the Pa BfrB functionalized device was treated with Ca*" ions in a relatively high
concentration (10 M), resulting in a slight decrease of conductance that may be due to binding
of Ca”" on carboxylated groups of SWNTs. However, this reduction in conductance caused by
Ca®" was negligible compared to the response to the treatment with Fe*" ions in range of 107°-
10* M, demonstrating excellent selectivity.

The selectivity study also demonstrated the different mechanisms for reduction of the
device on conductance induced by Fe*" and Ca*" ions. Briefly, Fe*" ions were captured by Pa
BfiB and oxidized to Fe’" ions which were subsequently mineralized in the inner cavity of
protein,”* thus the response of the device upon treatment with Fe*" could be caused by a
combination of the effects: the increased positive charges by Fe*" capturing, electron transport by
Fe*" oxidation, and induced negative charges by Fe’™ mineralization. Positively charged Fe®"
bound on a functionalized device is one possible reason for a decrease in the p-type conductance.
The electron transfer from Fe*" oxidation to valence band of SWNTSs can cause the negative shift
in I-V, curves. Moreover, Fe’" mineralization where anions are needed to support the growth of
a mineral core’* could induce additional negative charge in the SWNT, thus n-doping the SWNT
and shifting the 1-V, curve toward more negative gate voltages. On the other hand, Ca”™" seemed
to interact with the SWNT surface rather than with the protein attached to the SWNT. To prove
this, in a control experiment, metal ions were applied to bare P3-SWNTFET devices. Upon
treatment with Ca®” or Fe?" at high concentration (10 M) (Figure 4-12), device conductance was
decreased comparably in both cases. The reduction of conductance was mainly caused by

positively charged ions binding to p-type SWNTs, thus decreasing the concentration of hole-
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carriers. The similar responses (AG/Go ~ 0.06) for Ca** and Fe** on bare SWNT devices could

provide evidence for the good selectivity of Pa BfrB functionalized NTFET devices.
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Figure 4-11. Electronic detection of Fe*" ions on Pa BfrB/ P3-SWNTFET device
(Top) conductance (G) vs gate voltage (Vg) of bare P3-SWNTFET device (black line) after functionalization with
Pa BfrB (incubation for 1 h) (green line), and sensitivity for varying concentration of the Fe** (107 to 10 M)
(orange lines) with Ca*" 10™ M as a control (purple trangle dots). (Bottom) Biosensor calibration plot: normalized

change in the device conductance versus metal ion concentrations.
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Figure 4-12. Electronic detection of metal ions interactions with bare P3-SWNTFETs

Both Ca”" (purple) and Fe** ions (orange) are in 10 M.
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Competition Study

Some Bfrs process a stable ferroxidase center that functions exclusively as a cofactor for the
oxidation of Fez+, such as Ec Bfr; whereas Pa BfrB forms an “unstable” ferroxidase center that
functions in the oxidation of Fe*" and as a pore for the translocation of Fe’" into the internal
cavity.” The instability of the diferric center may be a feature that allows Pa BftB to efficiently
take up iron via the ferroxidase center. Here we used Zn>" ion, a potent competitive inhibitor of
Fe** binding and oxidation,” to apply in the NTFET study for illustration of the dual role for the
ferroxidase center of Pa BfrB.

As demonstrated in Figure 4-13, binding of Fe*" ions to Pa BfiB functionalized o-
SWNTFET under aerobic conditions leads to a negative shift of I-V, curve, due to mixed
contributions from Fe*" binding, oxidation, and mineralization. Then then addition of Zn>" ions
to the same device led to a continuous decrease in p-type conductance, indicating binding of Zn*"
ions at ferroxidase center. However, the NTFET device showed a smaller slope of AG/Gg vs Zn*"
concentration than AG/Gy vs Fe*" concentration, indicating that Zn>" ions may simply bind at the
empty ferroxidase centers rather than displace all of the iron from Bfr, which occurs for Ec Bfr.”

On the other hand, the addition of Zn>" ions prior to addition Fe*" resulted in reduction in
device conductance to the same level as addition of Zn>" after the iron (Figure 4-14), indicating
Zn”" binding at the ferroxidase centers. Then the addition of Fe* ions to the same device resulted
in only a minor decrease in conductance, consistent with the ability of Zn®" to effectively block
Fe’” binding at the ferroxidase center.

In different experiments using P3-SWNTFET, we observed that the pre-addition of Zn*"
(Figure 4-17) could show higher response of devices than post-addition of Zn®" (Figure 4-16).

These results could be attributed to detection sensitivity of different devices, instead could imply
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that ferroxidase centers may not be the only binding sites for Zn*" and Fe**. Thus Zn*" ions pre-
added could bind to other sites besides ferroxidase centers. And Zn>* post-added can only bind at
ferroxidase centers, because iron has already occupied all the internal sites in Pa BfrB. Although
these observations need further experimental evidence to support this hypothesis, they were in
agreement that ferroxidase center acts as a gated iron pore as well as catalytic sites for Fe*".

In addition, we observed some differences in the responses of Pa BfrB functionalized
NTFET devices when incubation periods were varied from 1h to overnight (~ 20 hr). Incubation
for 1hr resulted in the smallest response (Figure 4-15) compared to incubation of longer period in
fridge, due to less amount of proteins adsorbed on SWNTs.

Moreover, it seemed that devices fabricated with SWNTSs containing more carboxylated
groups resulted in enhanced response to Fe*" ions, primarily due to increased adsorption of Pa
BfrB on SWNTs. Comparison of pristine SWNTs devices (Figure 4-18), P3-SWNT devices
(Figure 4-16 & 4-17) and o-SWNT devices (Figure 4-13 & 4-14) showed that the hydrophobic
interactions were not the only reason for adsorption of Pa BfrB, amino affinity may also increase

with more carboxylated groups,”® thus leading to detection of more iron storage.
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Figure 4-13. Electronic detection of competition between Fe*™ (first added) and Zn*" (next added) on Pa
BfrB/o-SWNTFET devices
Electronic study of competition between Fe®* (orange) and Zn”" (blue) on Pa BfrB modified 0o-SWNTFET devices
(incubation for overnight at 4 °C), with first treatment with Fe*" then Zn*" next. (Top) NTFET characteristics and

(bottom) biosensor calibration plot: normalized change in the device conductance versus metal ion concentrations.
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Figure 4-14. Electronic detection of competition between Zn®" (first added) and Fe*" (next added) on Pa
BfrB/o-SWNTFET devices
Electronic study of competition between Fe®* (orange) and Zn”" (blue) on Pa BfrB modified 0o-SWNTFET devices
(incubation for overnight at 4 °C), with first treatment with Zn”" then Fe*" next. (Top) NTFET characteristics and

(bottom) biosensor calibration plot: normalized change in the device conductance versus metal ion concentrations.
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Figure 4-15. Electronic detection of on Pa BfrB/P3-SWNTFET devices in 1h incubation
Electronic study of competition between Fe** (orange) and Zn*" (blue) on Pa BfrB modified P3-SWNTFET devices
(incubation for 1 h at room temperarue), with first treatment with Fe*" then Zn>" next. (Top) NTFET characteristics
and (bottom) biosensor calibration plot: normalized change in the device conductance versus metal ion

concentrations.
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Figure 4-16. Electronic detection of on Pa BfrB/P3-SWNTFET devices in 6h incubation with first
treatment with Fe*" then Zn>* next.
Electronic study of competition between Fe** (orange) and Zn”" (blue) on Pa BfrB modified P3-SWNTFET devices
(incubation for 6 h at 4 °C), with first treatment with Fe*" then Zn*" next. (Top) NTFET characteristics and (bottom)

biosensor calibration plot: normalized change in the device conductance versus metal ion concentrations.
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Figure 4-17. Electronic detection of on Pa BfrB/P3-SWNTFET devices in 6h incubation with first
treatment with Zn>" then Fe*" next
Electronic study of competition between Fe** (orange) and Zn”" (blue) on Pa BfrB modified P3-SWNTFET devices
(incubation for 6 h at 4 °C), with first treatment with Zn”" then Fe** next. (Top) NTFET characteristics and (bottom)

biosensor calibration plot: normalized change in the device conductance versus metal ion concentrations.
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Figure 4-18. Control experimental on Pa BfrB/pristine-SWNT device
Electronic study of competition between Fe*™ (orange) and Zn>" (blue) on Pa BftB modified pristine-SWNTFET
devices (incubation for 6 h at 4 °C), with first treatment with Fe>" then Zn>" next. (Top) NTFET characteristics and

(bottom) biosensor calibration plot: normalized change in the device conductance versus metal ion concentrations.
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Conductance Measurements

The real-time detection of Fe*” ions (in competition with Zn*") was performed by ploting of
conductance versus time for a Pa BfrB functionalized o-SWNTFET device. Addition of Fe**
resulted in a rapid reduction in conductance followed by a slower increase (Figure 4-19). This
behavior is consistent with biphasic response described in the literature:** The rapid phase
corresponds to the oxidation of di-Fe** center to form a di-Fe’* center at ferroxidase center, that
n-doped SWNT and thus decreased conductance; while the subsequent slower phase corresponds
to the mineralization of iron with the cavity, and the decrease of positive charge led to recovery
of conductance. On the other hand, the addition of Zn>" resulted in relatively negligible change
in conductance, maybe attributed to its only occupancy in ferroxidase centers.

It is worth to mention that the conductance measurements were performed at V, = 0, at
which the conductance changes were minor accrording to NTFET studies (Figure 4-13). So the
conductance measurement cannot exactly explain the kinetic behavior of iron mineralization in
Pa BfiB, and addition of Fe*" at 10™"° and 10® M did not show any biphasic response. However,
it clearly displayed the different behavior upon treatment with Fe*" and Zn*", and supported the
hypothesis that the ferroxidase center was a catalytic site for Fe*" ions and was free of iron after
its catalytic process completed (Figure 4-10), which explain why Zn®" cannot displace Fe*" ions

in Pa BfrB.
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Figure 4-19. Conductance measurement on Pa BfrB/o-SWNT device
Real-time detection of the binding of Fe*' to a Pa BfrB modified o-SWNT device in MES (100 mM)/KC1 (100 mM)

buffer solutions with varying concentrations of Fe*" and Zn*"ions (107 - 10*M).
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AFM Study

Finally, AFM imaging was performed to observe the surface morphology of the modified
SWNTs. The Pa BfrB modified SWNT samples were prepared by a mixing suspension of o-
SWNT (~ 0.01 mg/mL in MES) and Pa BftB (~ 1 uM in MES) and incubation for 1h at room
temperature. The carboxylated functional groups impart hydrophilicity to the nanotubes and
make them stable in aqueous solutions without apparent aggregation for 1 day.

An average height of around 1 nm was observed for bare SWNTs indicating individual
SWNTs (Figure 4-20). After functionalization with Pa BfrB the total height increased to 12 nm,
where Pa BftB was previously reported with an external diameter of ~11 nm.”* Later, when Pa
BfiB functionalized SWNTs were exposed to Fe’™ ions, no obvious change in height was
observed, supporting iron stored inside the Pa BfrB (Figure 4-21). As a control, exposure of bare
P3-SWNTs to Fe*" ions resulted in obvious bundles of carbon nanotubes (Figure 4-20),

suggesting Fe*" intertube binding on carboxylated groups P3-SWNTs.
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Figure 4-20. AFM images of bare P3-SWNTs before and after Fe*" addition

AFM images of (left) bare P3-SWNTs (a), and (right) bundles of P3-SWNTs due to Fe*' intertubes coordination.
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Figure 4-21. AFM images of Pa BfrB/P3-SWNTs before and after Fe*" addition

AFM images of Pa BfrB/P3-SWNTs composite before (left) and after Fe*" addition (right).
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4.3.4 Conclusion

In summary, we have demonstrated application of Pa BfrB NTFET devices for highly selective

detection of iron storage. The AG of Pa BfrB modified NTFETs increased linearly with the log
of [Fe*'] over a range of 102 - 10 M, showing great sensitivity. Also the electronic detection

of competitive Zn*" ions supported the hypothesis that ferroxidase center of Pa BfrB plays a dual

role as catalytic sites and pore of entry, which is distinct from Ec BfrB.
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