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Nanomaterials for spectroscopic and electrochemical detection of metal ions
Sruti Bhaumik M.S.

University of Pittsburgh, 2009

Techniques for the analysis of metal ions including ion exchange chromatography, UV-
Vis-NIR spectroscopy, fluorescence spectroscopy, cyclic voltammetry, adsorptive stripping
voltammetry, and use of field-effect transistors are reviewed. The advantages and disadvantages
of each method are described. Development and incorporation of nanotubes as practical
materials for rapid and portable sensing applications with improved selectivity and sensitivity
over previous methods is discussed.

Interactions of chelating molecules ferrozine and neucuproine with Fe** and Cu’,
respectively, are studied via UV-Vis-NIR spectroscopy. Interactions of these molecules with
carbon nanotube networks are monitored spectroscopically and electrochemically to elucidate the
charge transfer mechanism between analyte species, chelating ligands and the carbon nanotube
network. Synthesis and characterization of carbon nanotube networks are discussed. This
information will contribute to forming a framework of metal ion sensing using carbon nanotubes
and aid in the rational design of nanoscale sensors for environmental, medical, biological and

defense contexts.
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1.0 INTRODUCTION

Identifying and quantifying metal ions in mixtures occurring in habitats and in organisms
is a key method of monitoring pollution and health." There have been many procedures and
instruments developed to achieve this objective, all of which take advantage of the inherent
differences in metal ions including mass to charge ratio, polarity, solubility, fluorescence, redox
behavior and interaction with complexing agents.

Techniques such as chromatography”, spectroscopy’ and electrochemical analysis® are
the most widespread for metal ion detection. Emerging technologies including nanoscale
electrodes and sensors are being developed to improve resolution and detection limits in metal
ion determination, as well as enabling the production of equipment that is less expensive, more
portable and yielding rapid results.

The advantages and disadvantages of ion exchange chromatography, fluorescence
spectroscopy, electrochemistry and use of chelating molecules as they apply to metal ion
detection will be discussed. In addition, carbon nanotubes are explored as a versatile and
sensitive material amenable to identification and quantification of metal ions in environmental
and physiological settings.

Analysis of transition metal ions are of particular interest, as these ions have been

associated with toxicity and disease. Since many enzymes require metal ions as cofactors in



order to carry out metabolic function, deficiency or excess of metal ions have consequences in

the health and survival of the organism.

Water-soluble chelating ligands selective to Fe*" and Cu" are employed in conjunction

with thin films of carbon nanotube networks. These metal-ligand interactions are studied by UV-

Vis spectroscopy and electrical conductance of carbon nanotube networks when exposed to

metal ions and metal-ligand complexes are monitored. Results of experiments on carbon

nanotube-based substrates for spectroscopic and electrochemical metal ion identification and

quantification are reported.

BFP

§] 5 Loh 15 20
Retention time{min)
Figure 1: HPLC chromatogram for the

separation of benzoic acid (BA) and benzoyl
peroxide (BP). Adapted from Reference 6.

1.1 ION EXCHANGE CHROMATOGRAPHY

Metal ions dissolved in a solution (mobile
phase) are flowed over a column made of insoluble
material. This column is packed with beads of material
which have opposite polarity to that of the ions under
study. lons are separated by affinity with the column,
that is, the ions with least affinity for the column are
eluted most rapidly, thus having shorter retention
times, and the ions that have the strongest affinity for
the column are eluted from the column last and have

longer retention times. Thus a particular ion will

maintain its retention time under the same conditions: column, mobile phase, pressure,



temperature; enabling the identification of this ion in a mixture. A UV-Vis absorbance detector is
often present at the end of the column for analyte identification and concentration may be
calculated from the absorbance using Beer’s Law. Peaks produced on the chromatogram
correspond to the retention times of the ions, and calculation of peak area or height gives
information on ion concentration. Parameters such as column type and dimensions, flow rate,
and strength of mobile phase may be further modified to optimize separation and resolution. The
type and packing of column material greatly influence the efficiency of the analysis. As packing
of column beads reduces the pore size, there is less exchange of the analyte with the column
leading to increased linear velocity of analyte resulting in improved resolution of the
chromatogram.™® It is important to note that columns with tighter packing and smaller pore
sizes are more costly.

Identification and quantification of metal ions is thus repeatable and rapid (time scale in
range of minutes) when using this instrumentation. However, optimization of this system to
analyze multicomponent samples with minimal interference can be challenging. Techniques

- . 7,8,9,10
such as gradient elution,”™”

which employs the gradual increase of the strength (polarity or
acidity) of the mobile phase to better differentiate the relative affinities of each ion for the
column, result in improved separation. At high pH, all metal ions are retained at the front of the
column. As the pH is reduced stepwise, metals are eluted and give sharp peaks on the
chromatogram. The most tightly retained metal ions are eluted under the most acidic conditions.
Another strategy is coating the stationary phase with ligands that chelate metal ions with
greater selectivity than ion exchange materials usually present in columns. For example,

preconcentration and separation of AI'™ in tap water was achieved by coating a column with

Chrome Azurol S (shown at left), a ligand which complexes trivalent metal ions. However, peak



broadening occurs when the metal is retained to this column for longer than five minutes and
limits the number of metal ions separated in one run, leading to reduced efficiency of this
method. "'

These drawbacks may be avoided by adding
chelating ligands to the mobile phase instead. Selectivity

and efficiency are improved as ligand loading is increased

without adversely affecting column capacity. Metal ions

are eluted in order of their increasing stability constants,

Figure 2: Chrome Azurol S

stronger complexed ions are eluted faster as they are less
retained on the column. An added bonus of this approach is the formation of colored metal-
ligand complexes in the mobile phase that may be detected spectroscopically at the end of the

column. These complexes tend to absorb in the UV-Vis range.

1.2 UV-VIS SPECTROSCOPY WITH CHELATING LIGANDS

Metal ions and electron rich molecules may interact according to Lewis acid-base
behavior, in which the metal ions act as the Lewis acid, accepting electron density from the
Lewis-basic molecule acting as a ligand. An interesting consequence of this charge-transfer
complexation is the occurrence of a significant absorbance in the UV-Vis range (that does not
exist when the metal or ligand are dissolved on their own), often associated with a change in the

color of the solution. Absorbance and concentration are related by Beer’s Law, so a calibration



curve of absorbances associated with known concentrations of metal-ligand complexes may be
used to detect ions.

Selectivity for a metal ion is influenced by the nature of the complexing agent, its
electronic structure (aromaticity and availability of lone pairs on atoms such as nitrogen, oxygen,
and sulfur to interact with metal ions), and the size of the cavity accommodating the ionic radius
of the analyte of interest. The phenanthroline structure (shown below) has been a common
moiety for binding transition metal ions while crown ethers and calixarenes show preferential

binding to group I and group II metals. 2
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Figure 3: Common molecules employed for chelation of metal ions.

As with other analytical methods, the selectivity and sensitivity of this method is
compromised by pH, as the conjugation of the metal-chelating ligands is disrupted by

protonation and deprotonation. Thus, pH must be carefully buffered to the level at which ligand



is at its most stable conformation and yields optimal selectivity and sensitivity of the desired
analyte.

Many of these ligands are commercially available and affordable. Further modification
of these ligands with functional groups or adjustment of the type and number of atoms in the
complexation site can change the chemistry and size of the cavity thus fine-tuning the selectivity
and sensitivity of the ligand for a particular metal ion. The time to collect results is dependent on
the wavelength range used and the scan rate of the instrument. Portable UV-Vis spectrometers
enabling on-site analysis have recently become more prevalent. Since purification and extraction
of marine or physiological samples are necessary prior to UV-Vis study, real-time analysis is

challenging.



1.3 FLUORESCENCE SPECTROSCOPY

Detection of metal ions is primarily carried out by their quenching of fluorescence of
highly conjugated molecules. Usually this analysis of metal ions is associated with their
extraction from an aqueous solution into an organic medium, as the metal ion complexes with the
fluorophore. Examples of this system include Fe*" characterized in viable cells using rhodamine
B-[(1-10-phenanthrolin-5-yl)aminocarbonyl]benzyl ester)’” and Hg®" detected by 5,10,15,20-
tetraphenylporphyrin in a polymer electrode.*

Porphyrins (general structure shown at left) are often used
in fluorescence spectroscopy as they produce high quantum yield
and large Stokes shift (difference in excitation and emission
wavelength). They are also amenable to metal ion recognition as
the porphyrin moiety boasts a highly conjugated double bond

system and mobile © electrons. Quenching of fluorescence occurs

as metal ions provide pathways competing with emission as well

as disrupting the conjugation structure of the fluorophore due to

Figure 4: Porphyrin

charge transfer and complexation.

The advantages of using fluorescence spectroscopy to measure ions as a function of
quenching include high selectivity and sensitivity without the need for pre-concentration and
digestion of samples. Levels of detection in the parts-per-billion (ppb) range have been
obtained.">'® Sensitivity may be compromised by changes in pH of the sample solution. as the
conjugated system of the fluorophore becomes modified upon protonation, fluorescence is

prevented and metal ion complexation is affected by the change in the cavity of the ligand. Asa



result, measurement of cation concentration by fluorescence quenching is not possible.
Therefore, the sample must be carefully buffered.

Metal ions may also be studied by the degree of fluorescence amplification. This type of
analysis is carried out by using a weakly fluorescent molecule and chelating it with a metal ion,
yielding highly fluorescent complexes. Morin (3,5,7,2’-4’ pentahydroxy flavone)
exhibits enhanced fluorescence (Aey= 420 nm, Aen=488 nm) when complexed to A" at pH 4.8."7
The complexation reaction is described in Scheme 1 below. Interferences from other ions do not
occur at this pH, as complexation of morin with other ions is limited to pH 7. However Fe’",
which quenches fluorescence irreversibly at pH 4.8 due to strong complex formation, renders the
morin-aluminum fluorescence sensor useless. This may be resolved by reducing all Fe** jons to
Fe*', leaving the ligand to bind only with AI’". Quenching may be further prevented by
containing the metal-ligand complexes in micelles which prevent entry of species that may
interfere with fluorescence.'® The limit of detection of this morin-based fluorescence sensor is
1x10°M AI** (0.027 ppm) with linear response from 10 M and 10 M.

Fluorescence analysis of metal ions can be obtained in minutes, but the instrumentation

may be expensive and bulky and therefore not conducive to on-site metal ion detection.
-
P —— | o
7
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Scheme 1: Morin (3,5,7,2’-4" pentahydroxy flavone) forming complex with A’



1.4 ELECTROCHEMICAL ANALYSIS

The redox properties of metal ions are useful in analysis as reduction potentials as they
are repeatable and consistent for each species. Cyclic voltammetry, adsorption stripping
voltammetry, and use of field-effect transistors have been employed to quantify ions selectively
and rapidly with high sensitivity. However, as with any analytical method, interference effects
may be present, and these methods have varying sensitivities for analytes and environments.

In the case of cyclic voltammetry (CV) the analyte is dissolved in an electrolyte to which
three electrodes are inserted: working, reference and auxiliary. The analyte is studied by
sweeping a voltage, set by computer software and potentiostat, across the electrolyte and the
redox reaction occurs on the surface of working electrode. In one direction of the voltage sweep,
the analyte is oxidized; when the voltage is reversed, the analyte is reduced. Thus, there is little
loss of sample in this technique. Current generated is dependent on the reduction potential and
concentration of the ion and a peak is produced when the swept voltage reaches the standard
potential of oxidation or reduction of the analyte. The reference electrode is necessary for the
measurement of potential; the auxiliary electrode is necessary for the measurement of current,
and prevents any side reactions with the working electrode and solvent from interfering with the
analysis.

The area of the peak produced upon redox reaction of desired species can be used to
determine the concentration of analyte. As with other analytical methods, CV traces of a series
of standards may be obtained under identical potential sweep and scan rate conditions, and this
calibration is used to quantify the amount of a particular redox active species in a sample. Thus,

CV in an easy and effective way to identify the abundance of ions in solution based on their



electrochemical activity and can be used to distinguish between oxidation states. CV has a

notably low level of detection, in the range of 10 M, and analysis times ranging in minutes.

Potentiostat

Counter/auxilliary
electrode

Reference electrode
Computer for voltage

scan generator and trace
plotting

Working electrode

Figure 5: Diagram of cyclic voltammetry setup. Analyte is dissolved in electrolyte in
sample vial. Electrodes are immersed in this sample solution, current is measured as voltage is
swept and redox properties of analyte are obtained to identify and quantify ions.

Stripping voltammetry has a superior limit of detection, up to 10'° M, making it useful
for trace ion analysis in the sub-ppb (parts-per-billion) range.'” A substance reacts with the
electrolyte and results in the formation of a product that is adsorbed on the working electrode.
The substance reacts with mercury on the working electrode to form an amalgam in the anodic*
stripping voltammetry (ASV) method, and forms an insoluble mercury salt layer in cathodic
stripping voltammetry (CSV). Then a potential scan is applied to strip this analyte from the
electrode, the resulting currents are proportional to the amount of metal ion in the sample
solution. In ASV, a negative potential (0 to -1.2 V versus SCE) is applied to oxidize the analytes
pre-concentrated on the electrode, while on the other hand, a positive potential is applied to
reduce the analyte from the electrode in CSV. The position of peak potential is particular to each
metal ion, thus enabling identification of many components of a solution. Interference from
other compounds may be minimized by modifying the deposition time and potential.*' The
levels of sensitivity are improved by using thin films or microelectrodes of mercury or working
22,23

electrodes composed of bismuth.
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More recently, field-effect transitors (FETs) are increasingly employed in metal ion

detection, as they provide rapid analysis and low levels of detection. The conductance of these

transistors is driven by an applied potential and is dependent on the type of majority carrier

(holes or electrons) of the current. Gate voltage applied to device and electronic environment is

affected upon exposure by electron-withdrawing or electron-donating molecules to an FET

device, resulting in increase or decrease of conductance as a function of concentration of the

analyte molecule. FETs generally consist of semiconducting materials, and are classified as p-

type if holes are the majority carriers, and n-type if electrons are the majority carrier. Therefore,

conductance of p-type FETs would increase upon exposure to electron-withdrawing molecules,

and increase for n-type FETs upon exposure to electron-donating molecules.*

O Drain

p ]——O Substrate

Figure 6: ISFET (ion-sensitive field-effect
transistor) device, a) reference -electrode,

b) analyte
d) gate
Reference 25.

solution,
insulator.

c)
Adapted

epoxy,
from

This device (general scheme shown at left)

is durable, rugged, small, inert in harsh
environments, possesses low electrical impendence
and yields rapid response to analyte molecules.”” The
main electronic scheme is highly reproducible and
suitable for mass production while the function of the
transistor may be customized by modifying the gate

. . 26 .
insulator  with monolayers, conductive

27,28 29,30,31

polymers,”*“"or carbon nanotubes to improve
signal to noise ratio, or endow the device with greater
selectivity and sensitivity to the analyte of interest.”

As discussed above, many interesting

techniques exist for the determination of metal ions in solutions, and each system has its

11



analytical limitations. The strengths and weaknesses of ion exchange chromatography, UV-Vis
spectroscopy, fluorescence spectroscopy, electrochemical analysis including cyclic voltammetry,

and stripping voltammetry and use of field effect transistors are summarized on the next page.

12



Technique Detection Limit Strengths Weaknesses
lon-exchange 4.2 ppm Co*" High selectivity and | Separation efficiency affected
chromatography? sensitivity which may | by peak broadening
4.6 ppm Mn** be further improved by
gradient elution and use | Time consuming
of chelating ligands.
Expensive equipment
UV-Vis 340 ppb Fe** Inexpensive, rapid, | pH dependent
spectroscopy® selective and sensitive
120 ppb Fe** Signal interference from sample
matrix
Fluorescence 6.5 ppb Zn*" High sensitivity and | pH dependent
spectroscopy' !’ selectivity, particularly
3.0 ppb A when using ligands that | Signal interference from sample
specifically chelate | matrix
metal ions
Bulky, expensive equipment
Rapid analysis
Difficult to perform on-site
analysis
Cyclic 1 ppb Cd** High sensitivity and | pH dependent
voltammetry“ . selectivity .
0.1 ppb Cu High scan rates may generate
Rapid analysis resistance or noise interfering
with analysis
Stripping 0.3 ppb Pb*" High sensitivity and | Stripping occurs on mercury
voltammetry”’” selectivity electrode, which can be toxic,
0.8 ppb Ni** unsuitable for in-situ biological
Simultaneous detection | settings
of multiple metal ions
Bismuth and carbon electrodes
Portable, automated, in- | are being developed to address
situ applications this issue
Low cost
Field-effect 1 ppm Cu** FETs easily fabricated | Further functionalization
transistorss:% and mass produced necessary (nanoparticles, DNA,
0.1 ppm Ca** polymers, etc) to endow

Rapid analysis

selectivity and sensitivity of
FET towards metal ions

Table 1: Summary of strength and weaknesses of various analytical techniques.
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20 CARBON NANOTUBES IN ANALYSIS

The bonding and structure of carbon nanotubes (CNTs) are responsible for the strength,
stability, flexibility and sensitivity to their electronic environment, thus making carbon
nanotubes a suitable material for analytical applications. CNTs are visualized as a rolled up sheet
of graphite, with each carbon bonded to its adjacent carbon via sp> hybridized orbitals and
electron density delocalized over 2P, orbitals perpendicular to the nanotube wall. *’

MWCNTs (multi-walled carbon nanotubes) were reported by lijima in 1991°* and are
characterized as bundles of concentric tubes. SWNCTs (single-walled carbon nanotubes) were
reported in 1993 by Iijima39 and Bethune®’, et al.
CNTs were first produced by the arc discharge
method by Iijima in 1993 and were classified as

single-walled nanotubes based on their morphology in

that they consisted of only one tube. Additional

methods to synthesis carbon nanotubes include laser

Figure 7: Visual representation of roll up ablation and chemical vapor deposition. Methods of

vectors (n,m) on graphite sheet.Electronic
properties influenced by roll up vectors.
Adapted from Reference 41.

synthesis will not be discussed further, as the
analytical applications of carbon nanotubes are the
focus of this work. The behavior of nanotubes as individuals and as ensembles will be considered

as they are exploited for analytical and electronic purposes. The helicity and diameter of CNTs

14



influence their properties. Helicity and diameter are related to the so-called roll up vectors
involved in the transformation of a flat sheet of graphite into a cylindrical tube. These vectors are
shown at left.*' The electronic properties of the nanotube are an important consequence of these
roll up vectors. CNTs are classified as metallic (if n-m=3k, 0 where k is any integer) or
semiconducting (if n-m#3k). These characterizations determine how these nanotubes are applied.
A metallic film is preferred for transparent conducts and electrochemical applications while a
semiconducting film is better suited for use in field-effect transistors (FETs) and sensing

42,43,44

applications. However,it is difficult to separate metallic and semiconducting SWNTs. A

random network of as-produced SWNTs will

Metallic Semiconducting
contain '3 metallic nanotubes and % metallic
Conduction »
Band . .
nanotubes, and such a mixture is adequate to
- ? transport current as long as the nanotube density
Level Sll S,
is above the percolation threshold. This is
Valence
i related to the overlap of the nanotubes and

conduction along a percolating path occurs

_— —
Density of States Density of States
when the average length of the nanotubes is

greater than their average separation.”

Figure 8: van Hove singularities
of metallic and semiconducting nanotubes. The diameter and helicity of nanotubes

Adapted from Reference 44.
are two determining factors of their electronic
and chemical behavior. It has been shown that as the diameter increases, the band gap of the
nanotube decreases. It is postulated that as the diameter is related to the degree of overlap of the

electron orbitals.”>  According to solid state physics of nanotubes, the valence and conduction

bands of SWNTs are confined into discrete energy bands (van Hove singularities). They are

15



shown in the diagram at left. The shaded regions in this diagram represent the occupied states in
the valence band. According to this model, the separation between the valence and conductance
band is the band gap. The ease of transport of charge, and the magnitude of transitions M, S,
and S, shown above are dictated by the size of this band gap. These transitions between van
Hove singularities,*® are observed in UV-Vis-NIR spectra of carbon nanotubes.*’

The heights and location of the UV-Vis-NIR absorbance bands of the nanotubes shift as
electron density is transferred between the nanotube and analyte or dopant. For example, if the
HOMO of the analyte lies above the valence band of the nanotube energetically, than electron
density may be donated to the nanotube, resulting in an increase of UV-Vis-NIR absorbance of
the latter. On the other hand, if the LUMO of the analyte lies below the valence band of the
nanotube energetically, than electron density will be removed from the nanotube and withdrawn
by the analyte, resulting in a decrease of UV-Vis-NIR of the nanotubes. Since this charge
transfer behavior between nanotubes and chemical species is observable spectroscopically, it
should be monitored by conductance measurements. This is the rationale behind using
nanotubes in electrochemical detection applications. **

Theoretically, the perfect graphitic walls of the carbon nanotubes are not reactive but they

49,50,51,52

may have defects such as phenol, ketone, aldehyde and carboxylic groups. Exposure to

40,53

radio-frequency gas or air plasma treatment introduces defects and oxygen-, nitrogen-

fluorine-containing functional groups to ends and walls of carbon nanotubes, affecting reactivity

and resistivity, taking advantage of the versatility of this material in synthesis and analysis.

55,56

Nanotubes may also be noncovalently modified with DNA™*, peptides, nanoparticles’’ and

other ligands via van der Waals forces, hydrogen bonding, and 7-m stacking interactions.’®>*-%

These and other modifications can result in nanotubes that are either p-type (where holes as

16



majority carriers) or N-type (where electrons are majority carriers) semiconductors. Doping of
CNTs enables their use as field effect transistors (FETs) for power devices and sensors for ions,
gases, and biological species. Exposure of analytes to the FET modulates its conductance as a

function of the identity and concentration of the analyte; this will be elaborated in a later section.

(a) ' - ' 2.1 FLUORESCENCE

QUENCHING OF CARBON

Inhensﬁy_
(arb units) | _ o NANOTUBES BY ADSORBED
= SPECIES
1000 ' 1100 | o >/
1400

Emission Wavelength (nm) Fluorescence in SWNTs is
. BB _
- caused by the formation of an exciton

when light is absorbed by the

Intensity
(arb units)

nanotube. The high surface area and

propensity for quantum

confinement®' enable SWNTs to

1100 4200 1300
Emission Wavelength (nm)
Figure 9: Quenching effect of Cu(OAc), on display exceptional adsorption of ions
SDBS-SWNT fluorescence intensity. Arrows

signify increasing metal ion concentration. and molecules. Fluorescence of
a) excitation at 660 nm b) excitation at 785 nm.
Adapted from Reference 59. nanotubes (influenced by their diameter,

which dictates their band gap) can be

quenched as a result of aggregation and adsorption of species on the sidewalls of carbon

2

nanotubes.®” The adsorbed metal ions provide alternate non-radiative decay pathways that

17



compete with fluorescence resulting from excitation. The larger the ionic radius of the ion, the
greater the efficiency of quenching that occurs for a SWNT, and the smaller the diameter of the
SWNT, the greater the quenching effect of a particular M*" ion.”

Treatment of SWNTs with surfactants such as sodium dodecyl sulfate (SDS) and sodium

dodecylbenzenesulfonate (SDBS) has

51 L been shown to improve fluorescence of
) ib)
4 ia) SWNTs.%%  After SWNTSs were coated
Emission
Intensity 4 IJ:II
(arb units} - i with SDBS, they were exposed to 660
: A ' f'\
i ¥ ¥ . . . .
! AN \’\J VY and 785 nm excitation radiation and
800  foop | 1100 1200 1300 1400 . .
Emission Wavelength {nm) fluorescence intensity was recorded.

Increasing concentrations of aqueous

Figure 10: Fluorescence of SDBS-SWNTs using 660
nm excitation in the presence of CoCl, (3.0 mM)
before (a) and after (b) additionof EDTA (15 mM)
showing the recovery of fluorescence with the addition
of EDTA. The SDBS-SWNT fluorescence spectrum in
the presence of EDTA (15 mM) but in the absence of
metal ion quencher is shown for comparison
(c). Adapted from Reference 60.

solutions of metal ions CuSOy,
Cu(OAc),, CuCly,, Co0SO4,Co(OAc),,
CoCl,, NiSO4, Ni(OAc),, and NiCl,
were added. Inductively-coupled plasma
atomic emission spectroscopy (ICP-AES) was used to determination the final concentration of
metal ions on the nanotubes. The pH did not vary significantly following metal ion addition. The
metal ion-SDBS-SWNTs were then exposed to 660 and 785 nm excitation radiation. For all
metal ions studied, all semiconducting nanotubes exhibited decreased fluorescence intensity as
metal ion concentration increased. Peak shifts did not occur, only decrease in intensity,
irrespective of the excitation wavelength used. The degree of quenching did depend on the metal
ion. Fluorescence was recovered upon the addition of EDTA to chelate the metal ion; thus

demonstrating the reversibility of the nanotube fluorescence quenching caused by metal ions.
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Stern-Vollmer quenching constants were calculated for each metal ion. These quenching
constants were not related to atomic number or redox potential of the metal. Quenching was not
due to UV-Vis absorbance by metal ions since none of the metals absorb at the excitation
wavelengths used (660 and 785 nm). However, UV-Vis absorbance was observed when the
metal ion was present in combination with SDBS, suggesting that may filter the incident
radiation resulting in diminished fluorescence following excitation.

When controlling for the anion (CI, SO,%, OAc), quenching efficiency followed the
general trend of Ni*" < Co®" < Cu®". When controlling for the transition metal ion, quenching
efficiency followed trend of CI' = SO4~ > OAc".% This trend was attributed to the different
complexation ability of the cation with the anion and the ionic volume of the complex and its
relationship to the degree of quenching. Expressed concisely, the larger the ionic volume of the
complex, the greater the quenching.

By systematically monitoring the quenching of nanotube fluorescence with respect to the
added ion and ionic volume of complex formed, the workers were able to form a rationale behind
the quenching behavior.

Basically, the identity of the cation has agreater effect on nanotube fluorescence
quenching than the anion used, independent of the nanotube diameter. Brege, et al offer the
following explanation: the metal ion forms a complex with SDBS, which screens the incoming
radiation and provides alternate pathways for the SWNT exciton formed after excitation, thus
quenching fluorescence. This metal ion effect on quenching is in competition with the ionic-
volume effect related to the counterion. As the quenching was demonstrated to vary according
the cation added, these phenomena pave the way for the use of the modulation of carbon

nanotube fluorescence intensity as a strategy for metal ion detection.
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2.2 ELECTROCHEMICAL ANALYSIS OF METAL IONS USING CNT-

CONTAINING ELECTRODES

CNTs have a porous structure, large specific surface area promoting rapid electron
transfer with analytes.”” Electrodes composed of CNTs have demonstrated stable
electrochemical behavior, resistance to surface fouling or damage, and a voltammetric response
characteristic of steady-state radial diffusion.®®®” Nanoelectrodes enable miniaturization,
increased mass transport rate, decreased susceptibility to solution resistance, and diminished
interference resulting in improved resolution of analysis (signal-to-noise ratio).®® Adsorptive
stripping voltammetry (AdSV) has proven to be a highly sensitive method to detect trace levels
of ions easily and rapidly, boasting a remarkably low limit of detection in the ppb range. The
large surface area of the carbon nanotubes enables strong interfacial accumulation of adsorbents.
CNT-containing working electrodes for stripping voltammetry have been used to analyze heavy
metal ions such as Cu>", Co™", Hg*", Pb*" at the ppb range relevant to environmental and medical
monitoring.**-"*"!

Glassy carbon electrodes coated with MWNT thin films have been used for the pre-
concentration of Hg*".’"  This electrode yielded enhanced stripping peak current (particularly

when Hg”" was dissolved in HCI) and exhibited minimized interference by other ions in solution

suchas .
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8

Mercury was accumulated on the
MWNT-coated electrode for 5 minutes at
0.60 V, this accumulation time and voltage

gave the optimal peak current. Stripping

peak  current was  proportional  to

concentration for the range 8x10'°—

5x107 M Hg2+ and the detection limit was
calculated to be 2x10™'° M after 5 minute

accumulation time. These results were

highly reproducible and exhibited minimal
interference from ions such as Cd*" and Fe’*

which only gave 5% error in the

measurement of trace Cd*" concentration.

Glassy carbon electrodes were
modified with MWNTs and conducting
polymer poly(1,2-diaminobenzene)
(poly(1,2-DAB)) by simultaneous

electrochemical deposition. These materials,

due to their high surface area and capacitive storage, exhibit environmental stability and

conductivity superior to that of traditional glassy carbon electrodes.

MWNTs and poly(1,2-DAB) were dissolved in potassium perchlorate and perchloric acid

to which the glassy electrode was submerged and multipulse potential was applied from -0.2 V

to 0.7 V. This was followed by oscillation and cyclic voltammetry at the same potential range as
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the previous step.  The change in the
morphology of the surface of these electrodes
was verified by scanning electron microscopy
(SEM).

The metals were deposited at -1.0 V for
an accumulation time of 3 minutes. Peak

2+ 2+
currents of Cd™" and Cu”" were measured at -

0.76V and -0.06 V, respectively, upon square
wave stripping voltage sweep from -1.0 V to

0.2 V. The limits of detection for these ions

dissolved in 0.1 M sodium acetate-acetic acid buffer solution at pH 4.4 were 0.25 ppb for Cd**

and 0.33 ppb for Cu®" thus demonstrating that MWNT-1,2-DAB-modified working electrodes

boast an impressive degree of sensitivity. When analyzing a real wastewater sample, the limits of

detection of each ion by this method (11.2 ppb

Cd*" and 31.2 ppb Cu®") were comparable to

those of atomic absorption spectroscopy (9.6 ppb Cd*" and 32.5 ppb Cu*"). ©

Carbon nanotube electrode arrays (CNT-NEAs) were employed to detect Pb*".%

These arrays were grown from Ni nanoparticles deposited on a Cr-coated Si substrate. Plasma-

enhanced chemical vapor deposition was carried out to grow the aligned carbon nanotube arrays.

The formation of this product was verified with SEM. This vertical alignment was maintained

even after application of epoxy and subsequent

spin-coating. CNTs embedded in the Cr-Si have open ends that have fast electron transfer rates

suitable for electrochemical sensing.
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Cyclic voltammetry was used to evaluate the
electrochemical behavior of this array. This array served as
the working electrode which was immersed in a stirred
solution of Kj3Fe(CN)s. Platinum wire and saturated
calomel electrode (SCE) were used as counter and
reference  electrodes, respectively.  Square  wave
voltammetry was used to study the quantitative behavior of
this working electrode with an analyte solution. In this

case, Ag/AgCl was used as the references electrode and

solutions were degassed with N, for a few minutes prior to
Figure 13: Aligned Carbon nanotube analysis.
arrays on Cr/Si substrate
Hg was deposited on the working electrodes prior to
the detection of Pb*" by using 5 ppm Hg*" in 0.1 M NaNO; solution and applying -1.1 V
potential for 5 minutes. Electrodes were rinsed with ultrapure water, immersed in 0.1 M NaNO;
supporting electrolyte containing Pb*" and -1.1 V was applied in order to electrodeposit the Pb**
onto the Hg-coated electrode. The formation of the Hg-Pb amalgam is necessary for the
detection of Pb**. Potential is scanned from -1.1 V to -0.1 V, and the response peak of lead
appeared at -0.45 V.
As a consequence of the small electrode surface, the CNT-NEAs yielded a smaller
current than regular bare glassy carbon electrodes in supporting electrolyte solution, and resulted
in a smaller Ohmic drop, leading to better defined peaks in the voltammograms, giving

measurements of Pb>" concentration with greater linearity with current. The detection limit of
g Yy

Pb2+ was 1 ppb after a 3 minute preconcentation period.”
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Given these impressive results of sharp
peaks, high sensitivity in the ppb range and
low  background noise, NT-containing
electrodes have proven to be exceptionally
effective in catalyzing electrochemical activity
and minimizing common problems such as
interference. These materials allow rapid,
easy, precise, and repeatable measurements of

trace concentrations of analytes that was not

possible before.



2.3  FIELD EFFECT TRANSISTORS BASED ON CARBON NANOTUBES

Field effect transistors (FETs), consisting of metal oxides and silicon have been used for
decades for everyday electronic applications; thousands of these devices are fabricated on
microchips that make up devices such as computers. FETs have the general set up of a layer of
silicon (Si), and on top of this is a layer of SiO,. On either side of this composite are two
electrodes known as the source and the drain, with a semiconducting material present carrying
current between these electrodes. Applying a voltage to the gate electrode results switches the
current-carrying material between conducting and insulating state. Many scientists have been
designing FETs with an individual nanotube or a network of nanotubes situated between the
source and drain electrode to carry the current.”” Nanotubes are ideal for this application as they
possess metallic and semiconducting properties, mentioned earlier. It is important to note that
the current conducted by the metallic variety of nanotubes show no dependence on gate voltage,
thus, they are not as useful for switching applications, thus semiconducting nanotubes are
preferred for this purpose. A network of nanotubes may be added to such a device either by
fabrication steps of mask-alignment, photoresist application and lift-off, or by simply
dropcasting a nanotube dispersion between the two metallic electrodes on the silicon wafer.
However, as a random network of nanotubes consist of Y3 metallic nanotubes, these will
contribute to the nanotube density reaching the percolation threshold necessary to carry current
discussed earlier. Conductance of this network is easily modulated by changing the gate voltage,
and the current vs. voltage behavior gives an indication of the charge transport mechanism of the

73,74,75

FET. It has been shown consistently that nanotube-based semiconducting FETs (NT-

FETs) are characterized as p-type (because of atmospheric oxygen)’®, that is, are driven by
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charge transport of holes. This was demonstrated by monitoring the increase of current as gate
voltage was made more positive.

Since single-walled nanotube networks possess high carrier density and a surface-
enhanced capacitance effect they make an ideal candidate for a sensing platform.”” The
conductance of the network has been shown to be sensitive to exposure of analyte molecules.”
This behavior is attributed to the high surface-to-volume ratio and delocalized n electron density
of the nanotubes. Conductance is affected by electron density being donated to or from the
nanotube network by the analyte molecule. In the case of a p-type nanotube network, as it
becomes more electron deficient (due to exposure of an electron-withdrawing molecule), the
conductance should increase, as more holes are being injected and the majority charge carrier is
more abundant. Conductance should predictably decrease as an electron-donating molecule
injects negative charge density into the p-type network, and holes are withdrawn from the
network, diminishing charge transport. These effects are reversed in the case of an n-type
network which is formed by adding donor elements such as nitrogen atoms to the nanotube
network. "’

The sensitivity and selectivity of this NT-FET electrochemical sensor must be refined in
order for it to be used as a practical device for environmental, medical and defense analysis.
Many attempts have been made to endow these networks with the capability of better
discrimination of chemical vapors and metal ions; these efforts have entailed the use of peptide
sequences™ and ion-exchanging polymers*’, among others.

The first model, using peptide sequences to detect Ni*" and Cu®", involves exposing an
FET that already contains a SWNT network to a solution containing peptide-modified pyrrole or

aniline (Ani) in an electrochemical cell.*® After applying a potential to the SWNT network,
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polymer and SWNTs have numerous noncovalent interactions which maintain the integrity of the

PANI-GGHH modified SWNT

40 A
with Cu?*:

0.45nM (29 ppt) ..
30 A

20 1 without Cu2*

10

r T T T T
0.0 0.2 0.4 0.6

Vy/ V vs Ag/AgCl
Bare SWNT

200 1

after 0.45 nu (29 ppt) Cu®*
150

before

100 1

50 1

T ¥ T ¥ T x T

0.0 0.2 0.4 0.6
Vy/ V vs Ag/AgCl

Figure 15: Decrease in gate voltage as a
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nM (Top) Increase in conductance response
as function of increase in log of [Ni*] in
nM (Bottom). Adapted from Reference 79.

Cu®" detection.®

nanotube network while making it selective to heavy
metal ions using peptides of different sequences. A
sensor array may be composed of a chip containing
many SWNT-FETs that are each functionalized with
varying peptide sequences which have selectivity for
different analyte species. SWNT-FETs modified
with Py-Hise experienced a positive shift in the drain
current versus gate voltage curves due to n-m
stacking®'"® between the polymers and SWNTs.
These interactions become stronger as they
accumulate. The modification of the SWNT surface
was verified by AFM images showing a change in
morphology after addition of the polymer and
peptide sequence. Py-Hisg was used because of the
high adsorption of histidine residues on the walls of
carbon nanotubes, and Ni*" is known to chelate with
histidine. ¥ Gly-Gly-His (GGH) was added to

polyaniline- and polypyrrole-SWNTs for

4

After the peptide-conjugated polymer was electrodeposited on the SWNT-FET, heavy

metal ions were injected into the sample cell. Trapping of the metal ions by chelation with the
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peptides results in decreased interaction between the peptide and the SWNT-FET. This is
reflected in a change in conductance of the network as Ni*" is added. The FET exhibits n-type
behavior when Ni*" is added, that is, conductance increases as potential (V) is made more
negative. When Ni*" was added to bare SWNT-FET, the electronic behavior remains p-type;
indicating that selective chelation of Ni** with the peptide is responsible for the conversion of the
SWNT-FET to n-type. The important analytical implication of this is the determination of Ni*"
concentration as a function of negative potential shift, as V, was shown to be linearly related to
the log [Ni*], with a detection limit in the 10™* M range. The effect of [Ni*"] on the Py-Hise-
SWNT-FET is reversible: the chelated metal ions may be dissociated upon the addition of acid,
which recovers the device current.

The PANI-GGH-SWNT-FET showed sensitivity to Cu’", and the devices yielded a
negative shift in conductance upon Cu®* exposure. The effect of Cu®* on the polymer-peptide and
the electronic behavior of the SWNT-FET is similar to that of Ni*" on Py-His¢-SWNT-FET. The
SWNT-FET becomes n-type as the polymer-peptide has greater affinity for the chelated metal
ions than for the SWNT network. The sensitivity of this system may be improved by adding
another His residue to the peptide for increased chelation. Conductance was linearly related to
Cu”" concentration. The limit of Cu*" detection was found to be in the 10™'* M range. This
system offers superior sensitivity and selectivity as the peptide sequences are designed to have
optimal chelation for the metal ion. The FET setup enables rapid, repeatable and reversible
results. The system may be tuned to detect other metal ions by customizing the peptide sequence,

and electron behavior may be optimized by choice of polymer.”
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3.0 NONCOVALENT FUNCTIONALIZATION OF NANOTUBES WITH

CHELATING LIGANDS FOR METAL ION DETECTION

Detection of metal ions for physiological and environmental monitoring has been carried
out by water-soluble chelating ligands that are specifically designed to coordinate a metal ion
and result in a color change of the solution upon metal-ligand complexation. Molecules used for
this purpose are generally aromatic with a highly conjugated & electron system and are Lewis
bases. Ferrozine®* (IUPAC name: 3-(2-pyridyl)-5,6-diphenyl-1,2,4-triazine-4",4"*-disulfonic
acid sodium salt) complexes with Fe*" in a 3:1 stoichiometry; and neocuproine87 (IUPAC name:
2,9-dimethyl-1,10-phenanthroline) which complexes with Cu’ in a 2:1 stoichiometry. These
chelating ligands were obtained from Sigma-Aldrich (St. Louis, MO). The structures of these

complexes are given below:
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Figure 16: a) Chelation of two neocuproine ligands with one Cu' ion to form a tetrahedral
complex. b) Chelation of three ferrozine ligands with one Fe*" ion to form octahedral complex.

b)

Radiation absorption is caused by the excitation of electrons from an atom or molecular
orbital with high electron density to an atom or molecular orbital with lower electron density.
Interaction of the chelating ligand with the metal ion results in a color change and a strong
absorption band upon complexation due to charge transfer between the ligand and the metal
ion.® If the metal is in a higher oxidation state, absorption bands may be due to charge transfer
from the o or & electrons of the ligand to the metal ion or, if the metal ion is in a lower oxidation
state, such as Fe*", an electron in the nonbonding d orbital of the metal ion transitions to a
nonbonding orbital of the ligand, and the m system of the ligand is capable of back donation,
resulting in an absorption band in the visible region.*® For Ferrozine-Fe*"complex dissolved in
DI water, a purple-magenta colored solution is formed with Apaw=524 nm.** When Cu”
successfully complexes with two neocuproine molecules in DI water, a blue solution is formed

with a Apay at 450 nm. ¥
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a) b)

Figure 17: a) Ferrozine-Fe*” complex in DI water. b) Neocuproine-Cu* complex in DI water.

Since absorbance is related to concentration, a standard curve of absorbances of known
concentrations is used to identify the concentration of Fe** in an unknown sample to which
ferrozine has been added. This analytical strategy, using neocuproine, is used to quantify Cu".
Since this method is based on UV-Vis spectroscopy and color observation, it is time consuming,
expensive and not portable. We hypothesized that the sensing mechanism is based on the change
in resistance of the nanotube network as a result of the metal-ligand complexation reaction and
this change in resistance occurs as a function of metal ion concentration we wish to quantify. A
potential outcome of this research is the development of a more economical and precise
electrochemical sensor that can be used on-site.

Series of varying concentrations of the pre-formed complexes of ferrozine and Fe*" and
neocuproine and Cu’ were prepared. For the case of Fe*', iron (II) chloride was dissolved in DI
water with excess ascorbic acid (Sigma-Aldrich, St. Louis, MO) added to prevent oxidation of
Fe*" to Fe*". Copper (I) chloride was simply added to DI water. 1:100 (10 pL of 0.1 M solution
in 1 mL DI water) serial dilution of a stock solution of pre-formed complex gave test solutions in

a range of 10™° M to 0.1 M.
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Thin films of arc-discharge SWNTs (Carbon Solutions, Inc., Riverside, CA) were formed

by spray-coating quartz plates with SWNT-DMF dispersion. DMF (dimethylformamide) was

obtained from Sigma-Aldrich and was used without further purification. UV-Vis-NIR spectra

were obtained on a Perkin-Elmer Lambda 900 Spectrometer.

Analysis of the UV-Vis-NIR spectra peaks are used to monitor the interaction of the

chelating ligand (ferrozine, neocuproine) with the SWNT thin film and to verify occurrence of

the ligand complexation with Fe* or Cu’. The heights of the S;; and S,, bands are used to follow

the transfer of electron density between the analyte molecule and valence band of the SWNT.

The decrease of the S;;/S,, absorbance ratio illustrates electron density going from the SWNT
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Figure 18: Ferrozine-Fe’" applied to SWNT thin film (top)

Neocuproine-Cu" applied to SWNT thin film (bottom).
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network to the LUMO of the
analyte, while increase of this ratio
indicates electron density going
from the HOMO of the analyte to
the valance band of the SWNT.
The additon of Cu to
neocuproine-SWNT  shows a
pronounced decrease in the
absorbance of the S;; transition,
which suggests the SWNT network
is losing electron density to the
neocuproine-Cu’ complex.  This
decrease is not as obvious for the

. 2+
Ferrozine-Fe case, so the



electron transfer behavior cannot be concluded from this experiment.

This information from the UV-Vis-NIR spectra should help predict the change in
conductance of the p-type SWNT electronic device upon the addition of these complexed metal
ions. If the p-type SWNT network (condutance driven by holes) transport of holes) is losing
electron density to the neocuproine-Cu’ complex, as suggested in the spectra, then an increase in
the conductance of the SWNT device should be expected upon increased exposure to this
complex.

The device containing SWNTs is used for measuring change in conductance upon
exposure to metal ions in aqueous solution and complexed the appropriate ligand and the results

are given below: This device was connected to a Keithley 2400 sourcemeter which served as

power supply and provided a constance voltage for conductance measurements.

Figure 19: Optical photograph of CERDIP package (left) containing a silicon chip with four interdigitated
Au electrodes (middle). Scanning electron microscopy (SEM) image of SWNT network deposited on the
chip (right). Images obtained by the Star Lab.
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The devices containing chelating ligands did not show markedly improved sensitivity
toward metal ions than bare SWNTs. This suggests that the electron transfer between the metal
ion, ligand and SWNT was not transduced to a practical analytical signal.

The addition of double distilled water to the chemiresistors gave conflicting results when
monitoring metal ion effect on conductance. The purpose of adding double distilled water was
to provide a constant hydration layer on the nanotube network that would respond only to the
metal ion added, and not be affected by the mere prescence of a drop of solution. It is perplexing
to observe an increase in conductance upon addition of DI water to the device in some cases, and
a decrease in conductance in others. Possible explanations for this behavior include variability in
the thickness of the SWNT thin film used for the electrochemical measurements. As evidenced
from the conductance data, it was difficult to achieve reproducible and similar conductance
values for the bare nanotube networks for each experiment.

The adverse effects of adding drops of solution to the device for conductance
measurements, including noise, may be avoided by using a flow injection system.® This allows
for the level of solution above the network to remain constant, minimizing errors in conductance
measurements due to changes in volume, thus accurately monitoring metal ion effect on
conductance, giving a better picture of charge transport, sensitivity and selectivity, parameters
important to sensor development.

Ensuring that the system is studying only the components of interest, that is, effect of
nanotube network conductance is consistently demonstrated to be sensitive to the type and
concentration of the metal ion, and not prone to results that vary despite employing identical

synthesis and analytical methods for every trial, is paramount to obtaining significant
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information elucidating the mechanism of nanotube network conductance modulation, and apply
it to rational design of useful sensors.

The technique of using conjugated molecules to chelate metal ions and form complexes
that are UV-Vis-NIR active to quantify and identify ions has been a convenient and effective
strategy for nearly a century. The advantages of this system have been ease and versatility of
ligands and metal-ion selectivity. However, the analysis is not rapid, requires bulky equipment,
prone to interference affecting precision and accuracy of measurement of desired ion and has
inadequate detection limits. Since charge transfer is the basis for the complexation reaction
observed in UV-Vis-NIR, conductance measurements should be a viable means of metal ion
detection. Carbon nanotube networks are being investigated as a platform for sensitive and rapid
study of conductance behavior influenced by metal ions. Since carbon nanotubes do not have
inherent selectivity for metal ions, chemical treatment, functionalization and addition of
chelating ligands must be explored. Understanding the interaction of between carbon nanotubes
and ferrozine or neocuproine will enable the production of portable electrochemical sensors for
iron and copper ions with detection limits and analysis times rivaling current devices and

spectroscopic methods.
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