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DISSERTATION ABSTRACT
Grace M. Kuhl
Doctor of Philosophy
Department of Chemistry and Biochemistry
September 2022
Title: Supramolecular Host-Guest Chemistry in Design of lonophores for Potentiometric

ChemFET Sensors

Potentiometric sensors are a viable technology for monitoring aqueous anion
concentration in real-time, a key process in numerous applications. However, selectivity in
such systems remains challenging in part due to water’s polarity. Comparison between
solution-state binding, and potentiometric calibrations is needed to tune ionophore design
and optimize sensor performance.

The work reported in this dissertation explores the use of host-guest chemistry by
incorporating synthetically tailored receptors into polymer membrane-coated insulated
gate field effect transistors. Potentiometric calibrations and interference studies yield data
about reusability, sensitivity, detection limit, and selectivity. In the case of barbituric acid,
devices were prepared based on membranes containing Hamilton-type receptors as the
ionophore. They exhibit near Nernstian sensitivity and demonstrate utility of Hamilton
receptors within polymer membranes for potentiometric detection of barbiturates in water.
This work also investigates the effects of receptor preorganization on sensor performance
and compares these effects to those observed for similar receptor systems in solution.

Using a similar approach, this work also investigates sensor materials for

v



hydrosulfide. We prepared and evaluated devices based on a nitrile butadiene rubber
without ionophore, only containing lipophilic salt as a chemical recognition element
applied to an insulated gate field-effect transistor surface. The sensors have quick and
reversible responses and selectivity over some thiol-containing species.

To improve HS- sensor performance, we synthesized a novel bambusuril
macrocycle to employ as the membrane ionophore. This yielded detection limits below 0.5
mM and selectivity over chloride and cysteine. Continuing to study the utility of bambusuril
macrocycles as ionophores, we begin an investigation with the Hofmeister series suing
bambus[6]uril-doped membranes. Thus far, we find that in the absence of ionophore,
bromide disrupts the expected response with a lower detection limit than iodide and
perchlorate. When a bambus[6]uril macrocycle is incorporated as the ionophore, detection
limits dropped at least one order of magnitude for all anions tested with the exception of
bromide. To further elucidate a trend imparted by the ionophore, further experiments should

be performed across the spectrum of the Hofmeister series.

This dissertation includes both co-authored unpublished material and previously

published work.
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CHAPTER I

INTRODUCTION

I am the primary and only author of this chapter.

Background and Motivation
Importance of anion detection in water

Sensing of aqueous anions is key to advancing fields such as healthcare', agriculture,? 3
and environmental remediation.> # Despite the global abundance of water, monitoring its anionic
contents remains challenging due to water’s unique polar properties®, including complex anionic
geometry and strong ion hydration energies.®’ In the applications above, current technologies used
for anion quantification feature chemical sensing systems such as Raman spectroscopy?,
colorimetry®, and gas chromatography-mass spectrometry'®. Although these methods provide an
accurate snapshot of chemical information and sub-parts per trillion (ppt) detection limits, they
require complex sample preparation, instrumentation, and training without the benefit of real-time
data.® As a result, there has been a multidisciplinary effort between scientists and engineers to
develop continuous anion sensors for simple and consistent water analysis.

Chemical sensors are defined as devices which intake chemical information, such as
concentration, and translate it into a measurable analytical signal.'!-'> Chemical sensors employed
in sensing devices are preferably selective and quick, acquiring and relaying information
continuously. There are two general components to a chemical sensor: a receptor and a
transducer.!® Receptors exist at the interface of the sensor and the sample, converting chemical

information to measurable energy using physical, chemical, or biochemical recognition. The



transducer takes this energy and further transforms it to analytical information (Figure 1.1).!1- 14
This dissertation focuses on developing sensor membrane materials to improve sensitivity and

selectivity in electrochemical, specifically potentiometric, sensors employed in aqueous sample

1
Receptor 1 Transducer
1
1 Optical
Electrical
[ Physical ] —
Electrochemical

[ Chemical ] — Mass-sensitive

Thermometric
[ Biochemical ]—’

Magnetic

/LN

Other
Sample environment

solutions.

Figure 1.1 A simplified depiction of the combinations of transducers and receptors that comprise
the broad field of chemical sensors.

Electrochemical sensors are defined as producing voltage, current, or resistance based on
the interactions at an electrode-electrolyte interface.!'® !> In general, electrochemical sensors are
valued for quick response times, no sample pretreatment, sensitivity '¢, and cost-effectiveness.!”
The two commonly recognized categories of electrochemical sensors are amperometric and
potentiometric.'® Of these, potentiometric sensors are miniaturizable®, inexpensive to produce, and
have straightforward instrumentation.'” These attributes are attractive for applications in
biosensing,?’ precision agriculture,®?! and environmental remediation.?? Therefore, there is much

interest in improving the efficacy of potentiometric sensors.
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Figure 1.2 Cross section of FET devices illustrating locations of electrical circuit contacts.
Chemically selective field effect transistors

Field effect transistors (FETs) are a three terminal electronic device employed widely in
the technology industry and can be a base for label-free chemical sensors.”* Metal-oxide
semiconductor FETs (MOSFETs) serve as the base architecture for potentiometric ion sensitive
FETs (ISFETs), both of which contain a semiconductor source and drain terminal as shown in
Figure 1.2.2* The ISFET replaces the metal gate with a reference electrode combined with a sensing
surface layer, such as SiO2, that is sensitive to H.?>> The ISFET response is attributed to the oxide’s
pH-dependent, reversible surface protonation.?2® Modification of the sensing surface to impart
selectivity towards a target chemical (gases, ions, and biomolecules) results in a chemically
selective field effect transistor (ChemFET).2# 2829

Introduced in 1975 with K* as the analyte,*® ChemFETs have evolved into a microscale,
low power consuming, and label-free option for ion monitoring.?® The main differences between
ChemFETs and other potentiometric sensors, mainly ion-selective electrodes, is that the sensing
24

surface is in contact with a solid rather than an electrolyte and there is no internal reference,

which can offer added durability and stability during measurements (Figure 1.3).3!



INTERNAL
REFERENCE

INTERNAL

SOLIDIFIED
ELECTROLYTE SOLID CONTACT

ELECTROLYTE

MEMBRANE

Figure 1.3 Representation of liquid (left) and solid (right) contact ion-selective electrodes.

The internal circuitry of an ISFET/ChemFET comprises an n/p semiconductor pair, similar
to that of a MOSFET.?” In this work, the n-type source and drain are separated by a p-type
semiconductor substrate. Current flows source to drain through a depletion region that forms when
a minimum voltage is applied. The magnitude of this region is influenced by the field effect at the
gate sensing surface (Figure 1.4).23 In ISFETs/ChemFETs, the sensing surface is in direct contact

30, 32

with an aqueous solution. If the sensing surface is coated in a polymer-based ion selective

membrane, the ChemFET interface can be modeled like an ISE.?% 33

Voltage
applied

-

OFF ON

Figure 1.4 In an electrolyte solution (yellow anions & green cations), applied voltage and an
external field effect at the sensing surface (purple checkers) form a depletion region at the P/N

junction. This allows current to flow source to drain.



lon-selective polymer membranes
ChemFETs and traditional ion selective electrodes have a potential voltage related to the
interface of a polymer membrane with an electrolyte sample solution.!'!:33 The total potential of a

cell can be described using the Nikolsky-Eisenman equation:**

2.303 RT ZA/ZB)
ZpF

(1.1)  Ecety = Econs + lOg (aA + KA,B Qg

Where E,,,, is the sum of all constant potentials within the cell. Ions A and B have activities a,
and ag, z4and zz are ion charges. R is the ideal gas constant, T is temperature in Kelvin, and F is
Faraday’s constant. Finally, K, 5 is an experimentally determined selectivity coefficient that can

be determined by:

a
(12) Kip =7
ag
Where a, and ag are the activities of A and B at their respective limits of detection determined

with potentiometric calibration and the fixed interferent method.3* 3 Note that Equation 1.1 can

be simplified in the absence of an interferent to:

2.303RT
ZpF

(1.3) Ecett = Econs + lOg (aA)

The above is recognizable as the Nernst Equation. Looking back to Equation 1.2, sufficient

selectivity is achieved when K, p < 1. However, as mentioned above, anions have inherent



challenges to their detection. Supramolecular chemistry can serve as a useful tool in designing

ionophores that preferentially interact with the target analyte of interest over interferents.

Translating host-guest chemistry to ionophore design

One means of imparting chemical selectivity is to iterate on principles established by
supramolecular host-guest chemistry.’® 37 The crossover with potentiometric sensors exists in
hosts, or receptors, that selectively bind to a charged guest.’® 3° A receptor refers to the
macromolecule in free solution and called ionophores when incorporated into a membrane. Both
are built from molecular units arranged in a complementary geometry for a specific target.’® 40 In
this design, there are some key similarities and differences to identify in order to strive towards

using existing knowledge to progress ionophore design.

Free Solution Receptor Membrane Ionophore

performance
dependent on interface
""""" composition

anion- I hydrogen bonding

@ &

..... dipole-dipole

degrees of
freedom

London
dispersion

hydrophobic groups

R

ion-dipole

HO Water soluble
groups

Figure 1.5 Visual Venn-Diagram that highlights the shared use of noncovalent interactions as well

as structural considerations.



Receptors and ionophores tune selectivity using strategically placed noncovalent interactions, like
hydrogen bonding and & interactions (see Figure 1.5). The sum of these must be strong enough to
overcome an ion’s hydration energy yet remain reversible to enable dynamic sensing.’®4! In
addition to selectivity, solubility is a key attribute in aqueous host-guest chemistry.’® This is
achieved in receptors through implementation of polar or charged functional groups in contrast to
hydrophobicity necessary in ionophores to combat membrane leaching.® A final important
difference to highlight is in the mobility of receptors vs. ionophores. In free solution, receptors can
rotate through space, bind 2:1 with an analyte, and change conformation to optimize stabilizing
noncovalent interactions. There are a number of receptors that have been successfully integrated
as ionophores, such as triazolophanes, calixarenes,*> and most recently, bambusurils?*> (See
Figure 1.6). With the tools gathered from supramolecular host-guest chemistry, it is possible to

incorporate a potentiometric platform for anion detection.
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Figure 1.6. From left to right: triazolophane incorporated into ISE for halides,* calix[4]arene

macrocycle, bambus[6]uril macrocycle.



Dissertation Overview

Above, we introduce the idea that ionophores can be built with a binding pocket containing
complementary noncovalent interactions, similar to a host-guest receptor. When integrated with
chemically selective field effect transistors (ChemFETs), these ionophores interpret analyte
concentration as a voltage response. This thesis explores host-guest inspired ionophores beginning
in Chapter II with employing a Hamilton receptor as a ChemFET ionophore to detect barbituric
acid in buffered water. Chapter III targets the hydrosulfide (HS") anion with commercially an
available ion exchanger and an alternative reference electrode for ChemFET measurements is
identified. Chapter I'V revisits detection of HS™ with a bambusuril macrocycle as the ionophore and
begins a potentiometric investigation of the Hofmeister series. Finally, Chapter V contains

concluding remarks and potential future directions for ionophore exploration.

Bridge to Chapter 11

The preceding chapter introduced chemical sensors, specifically potentiometric sensors, as
a viable tool for anion recognition in water. Integration of supramolecular chemistry can allow
potentiometric sensors to be used for specific analyte recognition. The following chapters will
illustrate successful use of potentiometric sensors to indicate target analyte concentration through
use of supramolecular receptors. The measure of success of the receptors in ChemFETs was
verified using potentiometric calibration and fixed interferent methods. Ionophore preorganization
impact on sensor performance will be discussed. The relevant figures of merit, including
sensitivity, selectivity, and detection limit will be outlined and evaluated in numerous cases in

Chapters II, III and I'V.



CHAPTER II

POTENTIOMETRIC MEASUREMENT OF BARBITURIC ACID BY INTEGRATION OF

HAMILTON-TYPE RECEPTORS INTO CHEMFETS

This chapter was previously published as Kuhl, G. M., Seidenkranz, D. T., Pluth, M. D., Johnson,
D. W., & Fontenot, S. A. Sensing and Bio-Sensing Research Potentiometric measurement of
barbituric acid by integration of supramolecular receptors into ChemFETs. Sensing and Biosensing

Research. 2021, 31, 100397.

Introduction

Methods for anion and cation detection in water are crucial due to the diverse roles that
ions play in biological and environmental systems.!-* The introduction of synthetic ions, such as
pharmaceuticals and their metabolites, into the environment may upset the ecosystems in which
they accumulate.*® For example, diphenhydramine, or DPH (Figure 2.1), is a common

antihistamine.
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Figure 2.1 Examples of known ionic pharmaceutical pollutants used as a sleep aid and provides
symptom relief for hay fever and motion sickness.® Recent studies have revealed the presence of
DPH in municipal biosolids used to fertilize agricultural soil.”*8

Due to the proton accepting amino group, DPH exists as a cation at conditions investigated
in this work. Barbiturates, a class of small molecule pharmaceuticals derivatized from barbituric
acid (several of which are anionic at neutral pH) are also designated as environmental pollutants
due to their harmful effects on local wildlife.>® Work investigating barbiturate degradation in
natural waters revealed persistent pg/L concentrations and little breakdown in aqueous
environments over the span of 9 months.> Detection of such substances continues to be a crucial
component of environmental monitoring and remediation.

Electrochemical detection methods for ionic pollutants, such as barbiturates, can employ
chemical receptors with high affinity and specificity for the target analyte to induce a measurable
response. b %! For many potentiometric detection methods, receptors for the anion or cation of
interest are often incorporated into polymeric ion selective membranes (ISM).!? Design strategies
for receptors targeting cations in aqueous environments are well-established, but anion recognition
strategies are comparatively under-developed.! Charge to size ratio, strong solvation, and vastly
ranging degrees of hydrophilicity/hydrophobicity contribute to the elusive nature of selective

anion recognition.!!2-1% There is a great deal of interest and effort in developing anion-selective
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chemistries, and the fruits of these efforts have been diversity receptors, design strategies, and
sensing methods for targeting anions.!

One approach to developing selective anion receptors is to utilize supramolecular host-
guest chemistry in which the guest is targeted by various noncovalent intermolecular
interactions.'* Hydrogen bonding, ion pairing, electrostatic forces, hydrophobic interactions, and
halogen bonding!!>-1¢ are common tools for construction of complementary binding architectures.
Using these tools, a plethora of scaffolds have been developed and derivatized.!? Key examples
include, but are not limited to, foldamers,'” porphyrins,!® rotaxanes,'® and cyclodextrin
analogues.'”

In 1987, Hamilton and co-workers introduced a novel motif for the recognition of
barbiturates. Hamilton’s acyclic receptors participate in 1:1 binding with barbiturates through six
strong and directional hydrogen bonds forming “ADA-DAD”-type motifs within the binding

pocket on both sides of the guest (A=hydrogen bond acceptor, D=hydrogen bond acceptor, see

Figure 2.2).2°

N b) pK,=4.0
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Figure 2.2 a) Hamilton receptors from McGrath et al. (2014, Ref. 21) showing different degrees
of preorganization; b) unsubstituted barbituric acid; c) illustration of Hamilton’s original acyclic

receptor and its association with barbituric acid via complementary HB donor and receptor pairs.
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This well-studied scaffold can be tuned for the recognition of other molecules which have
the appropriate donor-acceptor motif. Examples include cyanuric acid, uracils, thymines,
glutarimides, succinimides, and dipyridine-2-ylamines.?' Reported applications of Hamilton-type
receptors include catalysis, optoelectronic materials, polymer formation, and nanoparticle self-

assembly.?1-23

However, barbiturate derivatives continue to be ideally suited to recognition by
Hamilton-type receptors.

The conjugate base of barbituric acid is an anion and is therefore suitable for detection by
potentiometric methods. By transducing a chemical reaction to a measurable electrical signal,
potentiometric sensors provide continuous detection of a target analyte. Chemically sensitive Field
Effect Transistors (ChemFETSs) can be made to accomplish this by applying an ISM to modulate
the interaction between the gate surface and a sample environment. Simply put, the potential
response for a ChemFET is the sum of multiple interfacial potentials between the gate electrode
and the FET substrate. When constructed correctly, the only variable potential among these is that
between the ISM and solution environment. The magnitude of this potential drop is dependent on
the activity of the target analyte in solution. Therefore, one can relate the change in ion activity to
the change in potential as described by the Nernst equation.

Various spectrophotometric and electroanalytical methods have been reported for BBA
measurement.’*28 There are not, to our knowledge, any potentiometric methods for direct
determination of BBA or its derivatives. We report our ChemFET system of having an optimized
detection limit of less than 0.064 mmol compared to 0.004 mmol reported for amperometric?* and
0.012 mmol for voltammetric?® methods. While the other techniques have excellent LOD, they

commonly require multi-electrode set-ups, the addition of additional chemicals, and complex

instrumentation. Our potentiometric sensors have the advantage of facile operation and minimal
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sample preparation while maintaining substantial sensitivity using simple, well-established

electronics and a conventional multimeter.

Experimental
Reagents and solutions

Unless otherwise indicated, all reagents were used as received. Anhydrous, deoxygenated
solvents were collected from a Pure Process Technologies solvent purification system.
Chromatographic purification was performed using a Biotage automated flash chromatography
purification system. Nitrile Butadiene Rubber (Nipol DN401LL) was purchased from Zeon
Chemicals. All other chemicals were purchased from Fisher Scientific, Sigma-Aldrich, or Tokyo
Chemical Industry. River water was obtained from the Willamette River in Eugene, Oregon, and
the samples were not filtered or treated prior to use. Turbidity was measured at 4.1 NTU, dissolved

oxygen content of 10.9 mg/L. Synthetic urine was obtained from Carolina Biological.

BPIn Pd(OAc), OOO
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Figure 2.3 Synthetic scheme for receptor 2a.
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Receptor synthesis and characterization

Dimethyl 5-(anthracen-9-yl)-isophthalate (1¢) was prepared via an adaptation of a reported
procedure.? To a solution of Pd(OAc)2 (22 mg, 0.10 mmol) in degassed THF was added SPhos
(118 mg, 0.287 mmol) and K3PO4 (1.22 g, 5.75 mmol) along with 1a (700 mg, 2.30 mmol) and 1b
(524 mg, 1.9 mmol). The reaction mixture was refluxed for 24 hours. After cooling to room
temperature, the solution was filtered through a celite plug and the filtrate was diluted with ethyl
acetate, washed with water (3x) followed by brine, and dried over MgSO4, Finally, the solvent was
removed under vacuum. The crude product was purified by column chromatography (SiO2, 1:3
EtOAc:Hex, Rf = 0.52). Purification yielded a yellow solid (525 mg, 80%). 'H NMR (500 MHz,
CDCIs) 6 8.89 (bt, J = 1.7 Hz, 1H), 8.55 (s, 1H), 8.33 (d, J=1.7 Hz, 2H), 8.07 (d, ] = 8.5 Hz, 2H),
7.49 (m, 4H), 7.37 (dd, J = 7.5, 7.5 Hz, 2H), 3.96 (s, 6H). 3C{'H} NMR (126 MHz, CDCl3) §
166.34, 139.91, 136.65, 134.41, 131.41, 131.19, 130.21, 130.13, 128.69, 127.64, 126.18, 126.11,

125.38, 52.59.

5-(Anthracen-9-yl)-isophthalic acid (2) was prepared via a modification of a previously
reported method.?” Compound 1¢ (850 mg, 2.29 mmol), was added to a solution of NaOH (6 M,
15 mL), methanol (15 mL), and degassed THF (15 mL). This solution was refluxed for 23 h. After
cooling to room temperature, the solution was concentrated by rotary evaporation and cooled in
an ice bath. Cold, concentrated HCl was added until yellow precipitate formed. The precipitate
was recovered by filtration, washed with EtOAc and dried under reduced pressure (742 mg, 94%).
"H NMR (500 MHz, DMSO-ds) & 13.45 (bs, 2H), 8.76 (s, 1H), 8.69 (t,J= 1.6 Hz, 1H), 8.20 (d, J

= 8.7 Hz, 2H), 8.13 (d, J= 1.6 Hz, 2H), 7.56 (m, 2H), 7.7 (m, 4H).
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N1,N3-bis(6-Pivalamidopyridin-2-yl)-5-(anthracen-9-yl)-isophthalamide (2a) was
prepared as follows. Compound 2 (100 mg, 0.314 mmol) was placed in a round-bottom flask under
inert atmosphere to which 3 mL SOCI: as added slowly followed by one drop of DMF. This
solution was stirred and heated for 2 hours. SOCl; was then removed under vacuum, and then the
crude acid chloride was dissolved in dry THF. Separately, TEA (95 mL, 0.67 mmol) and N,N’-
(pyridine-2,6-diyl)dipivalamide (121 mg, 0.579 mmol), which was prepared as previously
reported,?!3? were dissolved in 20 mL dry THF. This solution was cooled to 0 °C and then the acid
chloride solution was added dropwise. After addition, a yellow precipitate formed, and the solution
was stirred and allowed to warm to room temperature overnight. The yellow precipitate was
recovered by filtration, dissolved in EtOAc, filtered through a celite plug and then dried under
vacuum. The crude product was purified by column chromatography (Si02, 1:2 EtOAc:Hex) and
yielded a yellow solid. (32 mg, 15%) '"H NMR (500 MHz, DMSO-ds) § 10.64 (s, 2H), 9.96 (s, 2H),
8.77 (d, J= 7.2 Hz, 2H), 8.22 (m, 4H), 7.81 (m, 6H), 7.58 (t, /= 8.6 Hz, 4 H), 7.49 (m, 2H), 2.28
(s, 2H), 1.00 (s, 18H). 13C{'H} NMR (126 MHz, DMSO-ds) & 170.88, 164.98, 150.52, 150.06,
139.99, 138.47, 134.71, 134.44, 133.47, 130.85, 129.47, 128.56, 127.27, 127.11, 126.27, 125.90,
125.44, 110,71, 109.99, 40.95, 30.86, 29.55. HMS (ESI-TOF) m/z: [M + H]" Caled for

C44H4sNeO4 721.3502, found 721.3498.

Reference electrode preparation

Ag/AgCl reference electrodes were made in-house. Ag/AgCl wires were prepared by
soaking silver wire (0.5 mm dia) in household bleach for 12 hours. The electrode body was formed
by pressing a molecular sieve into the tip of a tapered polypropylene syringe column (Norm-Ject

4010.200v0). One end of each silver wire was then soldered to a 20 AWG tinned copper wire and
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the solder joint completely encased in Loctite Marine Epoxy (1919324). Agarose at 2 wt% was
dissolved in warm 3 M KCI. 0.8 mL of this solution was poured into the syringe bodies and allowed
to cool. The finished electrodes were stored in a 3 M KCI solution overnight before initial use.

Reference potentials were found to be 129-146 mV vs SCE.

Membrane and device preparation.

FETs (WIPS-C) with unmodified silicon nitride gates were purchased from Winsense™
(www.winsense.co.th, WIPS-C). These arrive pre-bonded to small printed circuit boards on which
the source and drain can be accessed via contact pads. These pads were soldered to 20 AWG tinned
copper wire and the solder joints were completely encased in Loctite Marine Epoxy (1919324)
leaving only the FET surface exposed. Prior to modification, these were cleaned by soaking in 30%
H20:2 for 15 minutes, rinsing with deionized water followed by ethanol. NBR (nitrile butadiene
rubber) membranes were applied by drop casting (see drop casting solution preparation below)
using a 1-5 puL adjustable volume pipette. In general, 10 drops of approximately 1.6 uL were
applied to reach a thickness of approximately 100 pm. Drops were applied every 12-15 minutes.
After drop casting, sensors were conditioned in an oven at 80 °C for 12-16 hours. After cooling to
ambient temperature and then soaking in 0.1 M sodium nitrate solutions for 30-45 minutes, the
sensors were ready for use. Initial testing revealed sensors had operational lifetimes of for over 36
hours.

A general method for preparing drop cast solutions for barbituric acid-sensitive membranes
follows: Formulation IV incorporates 0.25 wt% tetraoctylammonium nitrate (TOAN) , 5 wt%

nitrile butadiene rubber (NBR), and 0.125 wt% receptor 1 which were dissolved in anisole.
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Formulation VI is comprised of 25 wt% TOAN, 5 wt% NBR, 0.125 wt% receptor 2a. Formulation

IV contains 5 wt% NBR and 0.25 wt% TOAN.

Potentiometric measurements.

The ChemFETSs were driven by an instrumentation amplifier obtained from Winsense™
which maintains a drain voltage (¥ps) at 617.5 mV and the drain current (/p) at 99.6 pA. The
circuit holds an external reference electrode at ground while Vs, the voltage between ground and
source, is changed to maintain V'ps and /p and is recorded as the measurement signal. An NI-DAQ
6009 data acquisition unit paired with a custom LabVIEW ™ program was used for monitoring
and recording measurements. The signal was recorded at a rate of 1 kHz. Unless otherwise noted,
each measurement was taken as the average of the signal over the 300" second of the measurement
period and experiments were performed with four identical (replicate) sensors and in triplicate.

Potentiometric measurements were performed at ambient temperature in 50 mL
polypropylene centrifuge tubes. The solutions were prepared fresh for each experiment by the
addition of solid sodium barbiturate into 50 mM PIPES pH 7.0 buffer solution followed by heating
of these solutions (50-70 °C) with stirring until dissolved (15-30 minutes). The final stock solutions
were light pink in color. The PIPES buffer itself was made by combining solid PIPES with
deionized water followed by the dropwise addition 4M KOH until all solid dissolved. The pH was

then further adjusted to pH 7.0 using 4M KOH.

Results and Discussion
In previous work, binding constants for 1 and 2b were determined by performing 'H NMR

titrations with barbital (R1=R2=Et in Figure 2.2), a common barbiturate derivative that exhibits
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high solubility and affinity for Hamilton receptors in CDCl3 and is neutral at physiological pH.?!
Binding was observed through the shifting of N-H peaks on both the host and guest molecules.
We determined that conventional receptor 2b (Appendix A) has an association constant (Ka) for
barbital of 174 M-! and the deconstructed receptor 1 has a corresponding Ka of only 2 M.
Interactions in these systems were found to occur through complementary ADA-DAD hydrogen
bonding of the amide groups of both the host and guest molecules on each side of the guest. The
anthracene core of 2a should not convolute or contribute to the barbiturate binding event as the
anthracene core is orthogonal to the binding pocket. However, the additional hydrophobicity, in

comparison to 2b, may help affix the receptor inside the ISM.
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Figure 2.4 Normalized responses of a set of four ChemFETSs using Formulation V compared to a

set using Formulation 1.

Sensor construction and calibration
After confirming the binding capabilities of the free receptors, we incorporated 1 and 2a

into ISMs, applied these membranes to ChemFET devices and tested the devices based on the
18



performance of the ISMs. To begin, membranes were prepared with varying compositions of 1 or
2a, the lipophilic salt TOAN, and NBR. TOAN was included because when neutral receptors such
as 1 and 2a are used in ISMs, positively charged lipophilic additives are often required for optimal
(Nernstian) response. Indeed, devices that were prepared with membranes lacking TOAN showed

no response to barbiturate (see Table 2.1 and Figure 2.4).

Once the sensors were prepared, calibrations were performed in order relate the
concentration of analyte in a series of sodium barbiturate solutions to observed voltage response.
ISMs containing varying quantities of receptor and lipophilic salt were prepared and devices based
on these membranes were evaluated (see Table 2.1). We observed the highest sensitivity and
lowest detection limit for the following formulation: 0.125 wt% 1 with 0.250 wt% TOAN
(Formulation V, Table 2.1). These ratios are similar to ISMs previously reported, in which
lipophilic cations are used alongside charge neutral receptors to target anions.’>° After
optimization, we prepared analogous devices based on an ISM containing 2a and also devices
whose [SMs contained only TOAN. We observed that the TOAN-only devices exhibit sensitivity
although this sensitivity is significantly reduced compared to devices whose ISMs included
receptor 1 or 2a. ISMs containing Formulation V show statistically higher sensitivity at 50 mV/dec
compared to the TOAN-only ISMs (Formulation IV, Table 2.1).

Additionally, this formulation exhibits higher selectivity for the majority of interferents
tested. Taken together, these results indicate that the Hamilton-type receptors contribute to the

anion selectivity and sensitivity of the devices.
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Table 2.1 Optimization of the ion-selective membranes using receptors shown in Figure 2.2a.

Formulation Composition Sensitivity (mV/dec) LOD (mM)
I 0.125 wt% 1 NR* NR*
11 0.125 wt% TOAN 3542 6+2
0.125 wt% 1+ 0.125 wt%
I 24+1 0. 51£0.09
TOAN
v 0.250 wt% TOAN 44+3 10+3
0.125 wt% 1 + 0.250 wt%
\% 50+1 0.64+0.07
TOAN
0.125 wt% 2a + 0.250 wt%
VI 48+2 5.1+£0.7
TOAN

*Sensitivities and detection limits are an average of 4 sensors recorded in triplicate

Selectivity evaluation

The practicality of chemical sensors is largely dependent on the selectivity of the sensors
for their target analyte. Selectivity is a crucial figure of merit for such sensors and is governed by
the composition of the ISM. Selectivity coefficients describe the ability of a device to distinguish
between its analytical target and a potentially interfering species. We determined selectivity
coefficients using the Fixed Interference (FI) method. Briefly, this technique involves measuring

the response of sensors in the presence of constant interferent activity. A selectivity coefficient,

K35 can be calculated with the following equation:

ay

Za/ZB
ap

pot _
KA,B -

where a,is the extrapolated LOD and ag“‘/ “B is the activity of the interferent at the LOD. A value

of less than 1 indicates the sensor is selective for the target over the interferent.3? Interferents CI,
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HSO47, H2PO4~ and HCOs3~ were selected based on potential presence in environments where
barbiturate can be found. Sodium urate was examined due to the similar ADA hydrogen bonding

(HB) motif.

Results of selectivity studies performed with sensors containing 1, 2a, and as well as
sensors containing only TOAN are summarized in Table 2.2.3? Kj’lgt values are shown in Figure

2.5. Al ISM formulations show considerable selectivity over Cl-, HSO4~, H2PO4~, and HCO3™. Of
these, chloride demonstrates the highest interference with barbiturate detection. Notably, there
was minimal interference from H2POs even at concentrations of 1.0 M. We observed high
interference from urate, presumably due to it possessing a hydrogen bonding ADA motif like that
of barbiturate. The addition of interferent had minor diminishing effects on the BBA sensitivity of
sensors containing no receptor whereas the ISM with 2a, experienced a noticeable drop in response
across all interferents (Table 2.2).

Table 2.2. Sensitivity responses for the given selectivity studies.

Interferent IV(mV/dec) V(mV/dec) VI (mV/dec)
None 4443 50+1 48+2
100 mM CI 37+1 44+1 23+1
200 mM HSO4 44+2 52+1 29+1
150 mM HCOs" 37+1 47+2 31+l
1.0 M HPO« 39+2 45+2 34+2
0.5 mM CsH3N4O3" 37+2 4442 26+1

*IV contains no receptor, V includes receptor 1 and VI contains receptor 2b. Sensitivities are an average of 4 sensors

recorded in triplicate.
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Alternative testing matrices

To demonstrate the practicality of these devices, we selected different aqueous matrices,
including neutral PIPES buffer, neutral buffer containing xanthine, Willamette River (Oregon)
water, and synthetic urine (see Figure 2.5 for structures). ChemFETs with formulation V (Table

1) were prepared and tested in barbiturate-spiked samples of the matrices.
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Sodium urate Xanthine Sodium barbiturate

Figure 2.5 Sodium barbiturate and potential interferents having similar “ADA” structural motifs.

Under these conditions, the sensors exhibit near-Nernstian sensitivity for barbiturate in
river water and synthetic urine (Table 2.3). Xanthine, a purine base found in tissue with a similar
HB motif as barbituric acid, had little effect on sensitivity but did induce a slightly higher LOD
than the other systems studied. Overall, these tests illustrate the rugged performance of the

barbiturate sensitive ChemFETs.

Table 2.3 Sensitivity responses in various aqueous matrices.

Analyte Matrix Sensitivity (mV/dec) LOD (mM)
PIPES buffer (pH 7.0) 50«1 0.64+0.1
Synthetic urine 56+2 0.63+0.1
River water 60+1 0.65+0.1
5 mM xanthine in buffer 49+2 2.9+0.4

Results are an average of 4 sensors tested in triplicate.
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Figure 2.6 Selectivity coefficients determined using the fixed interferent method.

Conclusions

In summary, Hamilton receptors 1 and 2a exhibit strong binding to barbiturate derivatives
in solution studies. Upon incorporation into polymer-based ISMs and applying those membranes
to ChemFETs, both receptors enhanced device barbiturate sensitivity and selectivity. In addition,
the sensors exhibited moderate sensitivity and selectivity for barbiturates even in the presence of
interferents.

Additionally, the robustness of the sensors was demonstrated by investigating various
aqueous matrices where near-Nernstian sensitivity and detection limits below 1 mM were
observed. Additionally, we demonstrated that unlike in solution, the receptor preorganization has
no effect on the sensitivity or selectivity when in an ISM material. This difference is evident when
comparing the selectivity coefficients of the different ISMs (Figure 2.6). These results are contrary
to the trend observed in solution studies, which revealed that more preorganized Hamilton

receptors exhibit stronger affinities for the target analyte. Moving forward, comparisons should
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continue to be made between free and membrane-bound receptor binding capabilities to better

inform receptor design for both media.

Bridge to Chapter 111

The research presented in Chapter II is a clear example of how electrical sensors can be used to
target negatively charged small molecules using a polymer membrane with a synthetic host. In
Chapter II, the selectivity is influenced by the inclusion of a Hamilton-type receptors- a synthetic
motif known to have a complementary hydrogen bonding structure to the barbiturate conjugate
base. The results show a preference for barbituric acid over inorganic anions but also displayed
selectivity for similar structures, such as urate. In Chapter III, focus will shift to hydrosulfide (HS-).
The conjugate base of recently discovered gasotransmitter hydrogen sulfide, is a challenging
sensing target due to the anion’s oxidizing nature. In the following Chapters (III and IV), HS- is
investigated using two different bases for a polymer-coated ChemFET. This work has potential

impact to industrial safety, biological monitoring, and environmental remediation practices.

24



CHAPTER III

HYDROSULFIDE-SELECTIVE CHEMFETS FOR AQUEOUS H2S/HSMEASUREMENT

This chapter was previously published as “Sherbow, T. J., Kuhl, G. M., Lindquist, G. A., Levine,
J. D., Pluth, M. D., Johnson, D. W., & Fontenot, S. A. Hydrosulfide-selective ChemFETs for

aqueous H2S/HS measurement. Sensing and Bio-Sensing Research 2021, 31, 100394.”

Introduction

Hydrogen sulfide (H2S) is an important analytical target for a diverse set of sensing
applications including environmental sensing, biomedical sciences, and petroleum and natural gas
industries. H2S is produced during the decomposition of organic matter and is naturally present in
ponds, swamps, and in landfills and sewage systems. H2S is also found in natural gas and crude
oil and is considered a contaminant in refined petroleum and gas products.! Due to the toxicity and
environmental prevalence of H2S (from both natural and unnatural sources) further development
of environmental H2S sensing methods is needed.? H2S has also been established as an important
small molecule biological mediator and is associated with different physiological conditions
including diabetes, hypertension, neurodegeneration, and heart failure.3-3

Thus far, there are critical disadvantages to current aqueous H2S measurement methods
that limit their utility in different sensing environments. Reaction-based analytical methods, such

as monobromobimane (mBB) sulfide trapping, feature excellent detection limits (below 200 nM)
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yet these methods require long reaction/measurement times and extensive sample preparation.®-!!
Alternatively, amperometric H2S measurement methods exist and devices that support these are
available, with primary suppliers being Unisense (Aarhus, Denmark) and World Precision
Instruments (Sarasota FL, USA). These also offer excellent detection limits (5-100 nM), however,
they have comparatively short lifetimes, can suffer from interference from common sulfide species
such as cysteine, glutathione, sulfur dioxide, dimethyl sulfoxide, and alkyl thiols, and require
highly sensitive electronics to resolve very small signal currents, which can be as low as 10713
Amperes. For many environmental samples, gas chromatography (GC) methods are adequate, but
such methods are less convenient and much more resource intensive than sensor-based methods.!?
13 Overall, there are opportunities to develop new technologies and methods for measuring HzS in
a variety of physiologically and environmentally relevant applications and sample matrices. The
diversity of sensing environments and associated detection ranges necessitate new chemical tools
for H2S detection and measurement. Potentiometric methods in particular have been poorly
represented in environmental, petrochemical, and biological application spaces.'?

H>S has a pKa near 7 and is largely present as its conjugate base, hydrosulfide (HS"), at
physiological temperature and pH.!3> As an ion, HS™ is susceptible to direct detection by
potentiometric methods, which are rarely considered for aqueous H2S/HS™ measurement. ' Herein,
we present a new method for direct measurement of aqueous HS™ using chemically sensitive field
effect transistors (ChemFETs). Examples of ChemFETs, OFETs, and other FET-based sensors for

hydrogen sulfide exist for the gas phase;!>-8

yet there are not, to our knowledge, any examples of
potentiometric methods, FET-based or otherwise, for direct measurement of the hydrosulfide anion

in water.
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ChemFETs are often described as metal-oxide-semiconductor field effect transistors
(MOSFETs), which have had the gate electrode separated from the gate oxide and the now-
exposed gate oxide modified to be selective for specific chemical species.!® Often this modification
involves the application of a chemically selective membrane to the gate oxide. Some benefits of
ChemFETs include their quick response times, minimal sample processing requirements, and a
library of well-established methods for manipulation of their surface chemistries and for
modification of the gate oxide interface with chemical recognition agents.?0-2?

The ChemFETSs described in this work feature a polymer membrane formulated with a non-
covalently associated HS~ ionophore, and they provide detection of HS™ in real-time with
selectivity over sulfur-containing compounds including cysteine and glutathione, which are
common interferants in H2S measurements. These devices enable measurement methods which

require minimal sample preparation (simple pH adjustment) to ensure that HS™ is present and that

HaS is not lost due to degassing from the solution that is being measured.

ChemFET overview
ChemFETs function according to similar principles as MOSFETs. In short, the threshold

F

voltage of an enhancement mode ChemFET (V5FET) is related to the activity of chemical species

present in solution between the gate electrode (which may be a reference or pseudo-reference
electrode) and the gate oxide. V5757 is defined as the minimum potential between the ChemFET
gate electrode and source required to open the conducting channel between the source and drain.

VSFET itself is the sum of threshold voltage of the underlying FET (VAET) and the combined

contributions from the rest of the chemical cell, V_,;;.
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3.1 Vi ™ = Ven'" + Veeu

VEET is determined by the materials and geometry of the FET portion of the device and is

independent of most environmental variables. Therefore, V5ET is effectively constant, and a

change in VS/ET is the result only of a corresponding change in V.

Reference electrode

Ves CP L
Sample solution

Polymer membrane
Gate oxide

Source Drain

D

y
O
VDS

Figure 3.1 Schematic illustration of a ChemFET featuring the polymer membrane at the interface
between the sample solution and the gate oxide. The operational mode of the ChemFET is such

that VSFET = V¢, which is taken as the measurement signal.

Physically, the cell includes the environment between the gate oxide, the chemically
selective material, the sample environment, and the reference electrode (Figure 3.1). This
environment includes several chemical and material interfaces each with an associated junction
potential. Fortunately, not all of these potentials need to be considered or even known. When
ideally constructed, the junction potential of the chemically selective material is the only variable

CFET

and therefore a change in V,,;; and the corresponding change in V;,®" is due solely to the activity

of the target ion. This requires, at minimum, a reference electrode that is insensitive to changes in
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target ion concentration and a chemically selective material that responds primarily to the desired
analytical target.

In practice perfect selectivity is elusive and the relationship between V,,;;, the activities of
the analytical target (A), and the activity of a potential interferent (B) can be described by the

Nikolsky-Eisenmann equation.?% 23

ZA/ZB)

log (ay +Kup ay

2.303 RT
3.2 Veett = Veons + F

V.ons represents the sum of all the constant interfacial potentials in the cell, a, and ag are
the activities of A and B, and z, and zg are the corresponding ionic charges of A and B. R and F
are the ideal gas constant and Faraday constant, respectively, and T is temperature. Finally, K, p is
the experimentally determined selectivity coefficient representing the ability of the ChemFET to

distinguish between A and B. Since the only variables affecting V., are azand ag, AVSFET

depends entirely on AV,,;; (again, VAET is constant). What remains then is to transduce V,5FET

nto
the measurement signal.

Note that in the absence of an interfering ion, ag, equation 2 reduces to a form of the Nernst

equation which, when 7'is 25 °C and when z4, i1s +1 or -1, is

33 Vcell = 0.059V lOglO ay

29



According to Equation 3, 59 mV represents the maximum possible change in V,,;; for each
decade change in the activity of an ionic species having a charge of +1 or -1. This is referred to as
the Nernstian limit.

Experimental
Reagents and solutions

Sodium hydrosulfide (NaSH) was purchased from Strem Chemicals and stored in a
nitrogen filled glovebox. All other reagents and solvents were purchased from Sigma-Aldrich or
Tokyo Chemical Industry (TCI) and used as received. Note that NaSH and ammonium sulfide are
toxic and will liberate H2S when exposed to water. All handling of these chemicals should be
performed in a glove box or fume hood to prevent personal exposure and a zinc acetate quench
solution should be available at all times.?*?> Additionally, a personal H2S meter should be used

monitor exposure to HaS.

Membrane and sensor preparation

Nitrile butadiene rubber (NBR) was obtained from Zeon Chemicals (Nipol DN401LL).
FETs with unmodified gate oxides were purchased from Winsense™ (www.winsense.co.th,
WIPS-C). These pre-functionalized FETs were cleaned immediately prior to modification by
soaking in 30% H20:2 for 20 minutes followed by rinsing with DI water and then with ethanol.
Chemically selective membranes of approximately 150 pm thickness were applied to the gate
oxide by drop casting. Sulfide-sensitive membranes were made as follows: 0.1 wt%
Tetraoctylammonium (TOA) nitrate and 5 wt% NBR were dissolved in anisole. These solutions

were drop cast onto the gate oxide surface and then dried at ambient temperature for 15 min

30



followed by 80 °C for 12 h. After cooling to ambient temperature and then soaking in 1 M sodium

nitrate solutions for approximately one hour, the sensors were ready for use.

Reference electrode fabrication.

Ag/Ag:S reference electrodes were made as follows: Ag/Ag>S wires were prepared by
soaking silver wire (99.9%, 0.5 mm dia) in 5% ammonium sulfide solution overnight. One end of
each wire was then soldered to a 20 AWG tinned copper wire and the solder joint completely
encased in Loctite Marine Epoxy (1919324). To form each electrode body, a 4A molecular sieve
was pressed into the tapered end of a 1 mL polypropylene syringe body (Norm-Ject 4010.200v0).
Agarose at 2 wt% was dissolved in warm 3 M KCI. 0.8 mL of this solution was poured into the
syringe bodies and allowed to cool. Then the Ag/Ag>S wire was inserted into the electrode body
and the wire secured to the housing. Reference electrodes were stored in 3 M KCl overnight before

their first use. Reference potentials were found to be 129-146 mV vs SCE.

Electrode surface characterization

Elemental composition and surface morphology were determined by scanning electron
microscopy energy dispersive X-ray spectroscopy (SEM-EDS) using a ThermoFisher Helios
Hydra Plasma FIB. Images were collected with an accelerating voltage of 10 kV. Additional
elemental analysis was performed using Thermo Scientific ESCALAB 250 X-ray photoelectron
spectrometry (XPS) system with an Al Ka monochromated source at 20 kV. Survey spectra were
taken along with high-resolution scans of Ag 3d, S 2p, and Cl 2p. Spectra were peak fit using the

Thermo Scientific Avantage 4.88 software to determine surface composition.
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Results and Discussion
Reference electrode fabrication and Characterization

ChemFETs can be used alongside conventional Ag/AgCl reference electrodes, however,
due to the corrosive properties of aqueous sodium hydrosulfide, an alternative reference electrode
(RE) is required for potentiometric measurements in the presence of hydrosulfide. Initially,
Ag/AgCl REs were used for evaluating ChemFET performance, however, we observed
inconsistent RE function and drift during measurements and hypothesized that the chloride on the
Ag wire surface reacts with sulfide species. This undesired reactivity at the electrode would change
the junction potential of the RE which would manifest as signal drift.

To test this hypothesis, four samples of Ag wire were exposed to different treatments: two
were submerged in household bleach (sample 1 and 3) or 5% ammonium sulfide (sample 2 and 4)
for 2 hours. Electrodes 3 and 4 were soaked in a pH 8 NaSH solution for 8 hours after being soaked

in bleach and ammonium sulfide, respectively.
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Figure 3.2 a) SEM-EDS images of Ag wire samples 1-4. 1) Control. Ag/AgCl. 2) ammonium
sulfide. 3) Ag/AgCl and then NaSH. 4) Ammonium sulfide and then NaSH. b) XPS spectra of
elements of interest (Cl, S, Ag) in samples 1 (blue), 2 (aqua), 3 (green) and 4 (yellow). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

The four electrode wires were then analyzed by scanning electron microscopy coupled
with electron dispersive X-ray spectroscopy (SEM-EDS) to compare the morphology and
elemental composition before and after exposure to NaSH solutions. X-ray photoelectron
spectroscopy (XPS) was used to confirm composition. SEM-EDS imaging (Figure 3.2b) displays
the morphology of each sample as well as elemental maps of the silver, chlorine, and sulfur. The
elemental composition given by XPS is confirmed, and the atomic percentages (Table S1) from

sample 3 closely match that of samples 2 and 4 which would be expected to only have sulfur on
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the surface of the wire. Figure 3.2a displays the XPS survey spectra and high-resolution scans of
samples 1, 2, 3 and 4. Survey spectra indicate that Ag, Cl and Na are the main elements present in
sample 1 and Ag and S the main elements in samples 2, 3 and 4. All four samples show the presence
of C and O from adventitious hydrocarbon present in the XPS instrument. The peaks at 368.1 eV
and 374.1 eV can be assigned to the binding energy of Ag 3d*? and Ag 3d°? present from the Ag*
in AgCl (sample 1) and Ag>S (sample 2/3/4). High resolution scans of CI 2p shows the presence
of Cl in sample 1 and relatively small amount (0.4%) present in sample 3, and none in samples 2
and 4. Comparison of sulfur spectra presents a significant difference between samples 2 and 3. The
S 2p scan indicates the presence of Ag2S in samples 2 and 3 at 161 eV and 162.2 eV. However,
sample 3 contains peaks at 168.2 eV and 169.2 eV, revealing the presence of Ag2(SO4) in addition
to AgS. Taken together, this alternative sulfur speciation on the surface of the wire may explain
loss in Ag/AgCl reference electrode functionality upon NaSH solution exposure. Critically,
samples 2 and 4 are identical, indicating that the Ag>S surface is stable to the NaSH-containing
solutions in which the potentiometric measurements were to be made. These data provided
suggested that the Ag/AgCl would not be useable for our potentiometric measurements for HS,
prompting us to develop an AgxS coated electrode which was more stable to HS™ solutions and

served as a reference with higher function and more robust.

Potentiometric measurements
The ChemFETs were operated by a circuit which uses an instrumentation amplifier to drive
the source to drain voltage (V'ps) of the FET at 617.5 mV and the drain current (/p) at 99.6 pA.

The circuit keeps the external reference electrode at ground while the voltage between source and
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ground (VGs) is changed in order to maintain Vs and /b as identified above. VGs is taken as the
measurement signal. See Appendix B for a description of the analog circuit.

The analog Ves signal was recorded using a National Instruments DAQ 6009 data
acquisition unit connected to a Windows™ computer and operated by a custom LabView™
program. The signal was recorded at a rate of 1 kHz. Unless otherwise noted, each measurement
was taken as the average of the signal over the 120" second of the measurement period and
experiments were performed with four identical (replicate) sensors and in triplicate. All sensors
were paired with Ag/Ag:S reference electrodes.

HS™ solutions were prepared in an oxygen-free glovebox or using Schlenk techniques to
prevent oxidation. Potentiometric measurements were carried out at ambient temperature in 50 mL
polypropylene centrifuge tubes which were kept sealed for the duration of the experiment in order
to minimize loss of (and human exposure to) sulfide. The solutions were prepared by the addition
of solid NaSH to a degassed 50 mM PIPES pH 8.0 buffer solution. The PIPES solution itself was
prepared by dissolving 1,4-Piperazinediethanesulfonic acid in DI water and adjustment of the pH
with analytically pure 4 M KOH. This alkaline solution was chosen to limit the protonation of HS~
which accelerates loss of H2S from the calibration solutions. Activity coefficients were calculated
using the Davies equation. Selectivity coefficients were determined by the Fixed Interference

method according to [IUPAC recommendations.? All uncertainties are reported as Standard Error

of the Mean (SEM).

Discussion

The key feature of our HS selective ChemFETs is the application of a polymer membrane

that includes the CRE to the silicon nitride gate oxides of commercially available pH-sensitive
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ISFETs. ChemFETs have been reported having chemically selective membranes comprised of
PVC, PDMS, and occasionally NBR among other formulations.?>?2° Generally, the polymers
themselves have limited native sensitivity to ionic targets and their sensitivity/selectivity is be
imparted by incorporating chemical recognition elements (CRE) into the polymer membranes to
create the interfacial chemically selective material of the device.

Tetraoctylammonium was chosen as our CRE. Quaternary ammonium salts are perhaps
most studied for anion sensing applications because they are stable cations and many are lipophilic
enough to remain in the polymer membranes without covalent attachment. TOA and other
quaternary ammonium salts have been incorporated into ChemFETs, ion selective electrodes, and
other potentiometric sensing platforms; some of which have been shown to be functional for up
to eight weeks in aqueous environments.’® Also, quaternary alkyl ammonium salts of HS™ have
been shown to associate with HS™ in particular via weak C-H hydrogen bonding interactions,
suggesting that this ionophore might serve as a recognition agent for HS™in its own right.3!

NBR was chosen as the polymer component of the membrane primarily because NBR
membranes enable the tetraoctylammonium CRE to be incorporated into the material without the
requirement of any plasticizers or other fillers or additives. NBR has also proven inert to the sample
conditions and adheres to the gate oxide well enough to allow an operational lifetime of over 46

hours.

Sensitivity and calibration
To obtain a measurement signal from a ChemFET, an analog circuit must be used to
interface with the FET and reference electrode.?? Hydrosulfide-selective sensors were operated in

a constant current configuration in which the input voltage (Vps) and drain current (/p) are
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maintained in a feedback mode such that the gate voltage (VGs), which is the potential between the
reference electrode and source, is equal to the threshold voltage of the ChemFET (VSFET). Vs is
then taken as the measurement signal. For this system Vs is in the range of 0.5-3 V which may be
accurately measured using comparatively simple equipment such as a basic multimeter or a simple
data acquisition device such as a National Instruments DAQ 6009 (See Appendix B).

Potential response curves of devices functionalized with NBR and TOA are shown in
Figure 3.3. When TOA was not included in the NBR membrane, no hydrosulfide response was
observed. Devices with membranes containing NBR and TOA have near-Nernstian sensitivities of
53 £ 2 mV per decade from 20 to 450 mM and a detection limit of 7.7 = 0.6 mM. These results

suggest that TOA is a necessary chemical recognition agent in these devices.
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Figure 3.3 (Left) Calibration runs of four identical sensors functionalized with TOA/NBR
membrane showing a linear response to hydrosulfide activity (ans-) in 50 mM PIPES buffer from

approximately 10 to 450 mM HS™. (Right) The responses of four identical sensors are shown.
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Response time and reversibility
Sensor responses were recorded continuously for 300 s. As shown in Figure 3.4, the devices
reach their equilibrium responses (having a drift of less than 1 mV per min) within 120 s except

for very high concentrations (450 mM) in which the drift was as high as 5 mV per min.
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Figure 3.4 (Left) Signal drift calculated for four different HS- concentrations from 60 to 120 s

(Minute 2), 180-240 s (Minute 4) and 240-300 s (Minute 5). (Right) Measurement signals

recorded from the time the sensor was powered on.

As a compromise between efficiency and accuracy and to limit the exposure of the FETs
and reference electrodes to high concentrations of sulfide, measurement responses were generally
taken as the potential of Vgs at 120 s. The reproducibility of three calibration experiments is shown
for a single sensor by measuring varying [HS™] in pH 8 PIPES buffer (Figure 3.5). The first and

last experiments were performed in order of descending hydrosulfide concentration while the
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second experiment was run in the reverse direction, showing negligible hysteresis and that the

single sensor maintains repeatable HS™ response characteristics.
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Figure 3.5 Reproducibility of three consecutive calibration experiments for hydrosulfide at pH 8

in the 50 mM PIPES buffer.

Selectivity Studies

The practicality of chemical sensors depends largely on their selectivity for their target
over other chemical species. The Fixed Interference method was used to determine selectivity
coefficients for hydrosulfide (K x) over thiol-containing small molecules such as glutathione
(GSH) and cysteine as well as chloride.®? As expected, when significant interference is observed,
there is a corresponding increase in the effective detection limit (EDL). In Table 3.1, EDL
represents an effective detection limit of these devices for HS™ in the presence of 200 mM of each
interferent. These sensors show a favorable selectivity coefficient of 0.12 for hydrosulfide over
chloride. Interestingly, the few supramolecular hosts that are able to bind HS™ often show similar

binding constants for HS™ and CI", presumably because both ions are of similar size, while our
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sensors show almost an order of magnitude preference for HS~ over C1-.34*3 The interfering ability

of cysteine is similar to that of Cl.

Table 3.1. Summary of selectivity studies performed with TOA/NBR ChemFETs showing

selectivity coefficients, effective detection limits, and corresponding standard error.

Interferent Selectivity Coefficient EDL (mM)
X) (Ksu x)
Chloride 0.12 +0.02 22 £2
L-Cysteine 0.13 £0.04 20 8
GSH 0.070 £0.01 11+£2

*All interferents were present at a background level of 200 mM. GSH=glutathione.

Conclusions

We report a new FET-based sensing platform effective in measuring hydrosulfide in the
presence of other sulfur-containing species. To our knowledge, this is the first reported
potentiometric method for direct hydrosulfide detection in water. The sensor is comprised of a
commercially available pH-sensitive ISFET which was coated with a polymer membrane
containing tetraoctylammonium nitrate. In optimized conditions, sensitivity and detection limit
were found to be 53 mV per decade and 8 mM, respectively. The sensor shows a reversible
response, and devices retain useful sensitivity for at least 46 operational hours. We are working on
further device optimization to access the low detection limits (below 1 uM) required to study HS~
at physiological concentrations. These first-generation ChemFET devices provide a promising
lead in this direction with their strong HS™ selectivity, reversible and repeatable sensing, fast

response times, and selectivity over common thiol-containing interferents.
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Bridge to Chapter VI

The material presented in Chapter III provides context and motivation for Chapter IV by providing
an example of a polymer membrane used in conjunction with a potentiometric sensor to detect HS~
in water. Chapter III provides important experimental information with the investigation into
Ag/Ag:S reference electrodes that will be applied in the next work. Additionally, the material
above introduces a chemical sensor with modest sensitivity and selectivity, leaving room for

improvement. This leads the search for an ionophore to target aqueous HS.
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CHAPTER IV

INTEGRATION OF DODECABUTYL BAMBUS[6]URIL INTO CHEMFET FOR AQUEOUS

ION DETECTION

This chapter contains unpublished experiments performed by Major Douglas Banning, Madeline
Howell, and myself. I am the sole author of this chapter with editing assistance from Major

Banning.

Introduction

Hydrosulfide (HS") is the conjugate base of gasotransmitter hydrogen sulfide, a
physiologically-relevant species of great interest in the anion sensing community.!?
However, selective sensing of HS™ in water remains difficult because in addition to the
diffuse charge and high solvation energy of anions,> HS™ is highly nucleophilic and readily
oxidizes into other reactive sulfur species. Methods such as monobromobimane® and
coumarin® fluorescence analyses provide high sensitivity; however, these sensors require
extensive synthesis, sample preparation, and data analysis that encumber their utility.*
Supramolecular host-guest chemistry has aided in the design of hydrosulfide-specific
receptors for spectroscopic binding studies! % ¢® but do not facilitate in vivo or in vitro

studies. Therefore, work must continue towards a simple and fast HS™ detection.
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Electrochemical sensors are an option alternative for hydrosulfide detection by
offering parallel data collection and are often suitable for portable detection methods.’
Potentiometric sensors are an inexpensive option with simple instrumentation and sensor
can integrated with chip-based devices.!® !' This makes them particularly attractive for
market applications.!? Ton selective electrodes impart selectivity with materials including
inorganic crystal lattices,'® lipophilic salts,'* and metal-ligand coordination'® to gain
selectivity.! Membranes containing a lipophilic ion exchanger are a viable option as the
polymer and plasticizer properties are well known and easy to process.!” These will be the
feature of this dissertation.

The selective component of these membranes are ionophores which are biological
or synthetic structures with tailored noncovalent intermolecular interactions, such as
hydrogen bonding and hydrophobic forces.!® Unfortunately, ISEs suffer from instability

related to the inner electrolyte and drift,!> 2 leaving room for alternate device.

1
I Reference lon-selective
electrode Membrane

Field effect draws in R a
charged molecules to \’\_NNHJ\/ M
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Figure 4.1 A simplified representation of a metal-oxide semiconductor FET (top left)

compared to a ChemFET (top right). A cartoon depiction of the field effect and the chemical

structures of the membrane components (bottom).
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ChemFET response

Chemically sensitive field effect transistors (ChemFETs) are a potentiometric
platform employed for ion sensing in water due to their fast response, stability and
reusability.!’ ¥ ChemFETs have high signal-to-noise ratios, and low sample volume
requirements.?’ The ChemFET response is reliant upon the change in potential at the
sensing gate, which is covered by an ionophore-doped polymeric membrane (Figure 4.1).
Therefore, the response at the membrane/solution interface is described, like an ISE, using

the Nikolsky-Eismann equation'* '8 (Equation 1.2):

2.303 RT

Vcell = Vcons + lOg (aA + KA,B aIZBA/ZB)

Where V,,,,s is the sum of all constant potentials within the cell with a total potential
V.e1- Activities of ions A, B are a, and ag, z4and zp are the respective ion charges. R is
the ideal gas constant, T is temperature in °C, and F is Faraday’s constant. K, p is a
selectivity coefficient experimentally determined through the fixed interference or separate
solutions method.

Although ChemFETs share a logarithmic response to changing concentration like
ISEs, they have different internal Briefly, the shifting surface potential impacts a depletion

layer between the source and drain terminals.?! This layer allows electrons to flow and a
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current to be measured, and the magnitude is altered by the field effect and directly relates
to the concentration of target analyte in the sample solution.?? For further explanation, see

Chapter I, pages 3-4.

lonophore for the hydrosulfide anion

Recent work introduced the first HS- ChemFET sensor using a nitrile butadiene
rubber (NBR) coating and tetraoctylammonium nitrate as an ionic site additive. '* This
yielded modest selectivity, but also resulted in a method design for HS™ in buffered water.
To improve upon the figures of merit from the previously mentioned work, a neutral
ionophore in a polymer membrane, which will be discussed further below. We believe a
selectivity for hydrosulfide in water can be achieved through embedding a supramolecular
ionophore within the polymer membrane of a potentiometric sensor.

Looking to the literature, there are a few options for hydrosulfide binding." ”> 23 In
2018, the Sindelar group reported binding of dodecamethyl bambus[6]uril and
dodecanbenzyl bambus[6]uril with HS™ and S* in buffered water.® This is the first known
example of a synthetic receptor capable of aqueous hydrosulfide complexation and seemed
like a promising option for an ionophore. Bambus[6]urils are a class of supramolecular
receptor with 4 or 6 repeating bicyclic glycoluril units connected by a bridging methylene.?*
These receptors are known for their defined cavity size, tunable functional groups, and
strong anion affinity in both water and organic solvent.?>-’
We hypothesize that integrating a bambus[6]uril receptor shown to bind with

aqueous HS™ into a ChemFET polymer membrane will increase sensitivity and selectivity

towards this anion based on its in-solution binding affinity. To further support this idea,
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recent work reported a bambus[6]uril employed as the ionophore in a perchlorate-selective
sensor.?® In addition to measuring sensor device performance towards hydrosulfide, we

begin an investigation of the Hofmeister series with the ChemFET.
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Figure 4.2 (Left) Chemical structure of a bambus[6]uril macrocycle. (Right) Cartoon

approximation of the bambus[6]uril geometric structure. The portion highlighted in blue
represents where the 12 hydrogens face inward, creating a binding pocket. Note that 8 H’s

are removed for clarity.

The Hofmeister series

Originally discovered while studying salt effects on protein solubility, the
Hofmeister effect is an active area of interest in interfacial and host-guest chemistry.?® 3¢
Briefly, ions are ranked based on how stabilizing their presence is to a macromolecule in
solution. Anions on the left side (perchlorate, thiocyanate) of the series below increase
solubility and decrease surface potential whereas the right hand side increases surface
tension and potential while lowering solubility.3!: 32 Although often studied in bulk solution,

2

the effect arises at aqueous interfaces®? similar to that of an ISE or ChemFET membrane in
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an electrolyte solution.?” The mechanism of the Hofmeister effect is not fully understood
but is thought to be attributed to a combination of ion size, hydration energy, polarization,
electrostatics, and ion partitioning. In potentiometry, the Hofmeister effect is displayed in
the absence of a membrane-bound ionophore. This leads to a characteristic response pattern
(i.e., all things being equal, the Hofmeister effect suggests a greater effect in ChemFET
response for I- than Br- and Br- than Cl-, etc.): 3% 33
ClO4 > SCN" >T >NO;3 > Br > Cl > HCO3; > CH3CO> > SO4* > F- > H,POy4

We strive to identify an approximate place in the series for HS™ by first testing a
blank membrane (i.e. without an ionophore.) As previously mentioned the Hofmeister
effect mechanism in not fully understood, we expect the anions respond according to the
differences in lipophilicity and Gibbs energy associated with ion transfer into the membrane
phase.’* 33 By this logic, hydrosulfide may fall between iodide and chloride in the series.

Following, the addition of a bambus[6]uril ionophore to the membrane is anticipated to

yield preference towards the left-hand side of the series.

Experimental
General methods

Reagents and solvents were purchased from Fisher Scientific, Tokyo Chemical Industry or
Sigma Aldrich. It should be noted that sodium hydrosulfide (NaSH) and ammonium sulfide evolve
hydrogen sulfide gas in aqueous environments. This is toxic, and the handling of these chemicals
should be done in a glove box or fume hood. Additionally, a zinc acetate quench solution and a

personal H2S monitor are encouraged when there is potential for exposure outside a glove box.
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Scheme 4.1. Synthesis of the novel anion-free dodeca-n-butyl bambus[6]uril.

Receptor synthesis

N,N-dibutyl glycoluril (n-butyl GLY). N,N-dibutyl urea (2.387 mg, 13.9 mmol) was
added to a 35 mL solution of 4,5-dihydroxyimidozoline?”-3* (1.631 g, 13.8 mmol) in water. To the
reaction mixture, concentrated hydrochloric acid (12.1 M, 1.1 mL) was added dropwise and
allowed to stir at reflux for 2 hours. The reaction mixture begins as a clear solution with insoluble
chunks, and progressively yellows to a cloudy straw color. Following the allotted time, the reaction
mixture was cooled to room temperature and a light-yellow solid forms. The precipitate was
collected via vacuum filtration and dried under vacuum. The crude product was dissolved in
acetone and purified by column chromatography (SiO2, 95:5 EtOAc:MeOH) to produce a fluffy
white solid (1.543, 44%). Structure confirmed with 'H NMR (see Appendix C).

Anion-free dodeca-n-butyl bambus[6]uril (dodeca-"Bu BU[6]). Compound 1 (1.143 g, 4.4
mmol) was added to a 30 mL mixture of paraformaldehyde (129 mg, 4.6 mmol) in 1,4 dioxane.
While stirring, concentrated sulfuric acid (1 mL) was slowly added dropwise. The reaction mixture
was heated at 80 °C for 1.5 hours. The solution was initially clear with undissolved solid reagent
but turned transparent and light yellow upon heating. As the reaction proceeds, the solution
changes from a light yellow to a deeper straw-orange color. Following the allotted time, the

solution was cooled to room temperature and precipitation occurs. The precipitate was collected

48



via vacuum filtration and dissolved in chloroform. The solution was taken to dryness under
reduced pressure to yield an orange powder. The crude product was recrystallized in hot EtOH and
acetonitrile (95:5 v/v) to yield cololess crystals (x mg, 37% yield). Structure was confirmed

through mass spectrometry, 13C NMR and '"H NMR (see Appendix C).

Potentiometric measurements
The ChemFETs were driven by a benchtop power source, and ISFETs obtained from
Winsense are used as the device base. In operation, the drain voltage (Vas) is held at 617.5 mV and
the drain current (Ias) at 100 uA. The external reference (Ag/AgCl or Ag/Ag2S) is held at ground,
and the voltage between ground and the source (Vgs) terminal changes to maintain the values of
Vs and las. Vs is recorded as the measurement signal. NI-DAQ 6009 at a rate of 1 kHz was used
for data acquisition paired with a custom Labview program for collection. Hydrosulfide
experiments employed 180 seconds measurement periods to minimize electrode fouling. The other
potentiometric tests were recorded for 300 seconds.
Solutions used in these experiments were prepared and used at ambient temperature.
Previously reported procedures were employed to prepare samples for hydrosulfide
measurement.'# All solutions are based on a 50 mM PIPES buffer in DI water fixed to pH 7 using
4M KOH. Potassium or sodium salts containing the target anion were used to make 0.1 M stock
solutions which were further diluted in 50 mL polypropylene centrifuge tubes for sensor

calibration. The hydrosulfide measurements were performed in pH 8 buffer to reduce H2S off-gas.

Electrode and membrane preparation

49



Silicon nitride-gated field effect transistors (FETs) were purchased from Winsense

(www.winsesne.co.th, WIPS-C) and cleaned with ethanol and soaked in H2O2 for 10 minutes prior

to functionalization. Polyvinyl chloride (PVC) and 2-nitrophenyl octyl ether (NPOE) were
obtained from Fisher Scientific. Chemically selective membranes were deposited onto the FET
surface by manual drop-casting. Four aliquots of 1.5 pL were applied with 15 minute drying time
in between before being placed in an oven at 60 °C for 4 hours, yielding an approximate film
thickness of xyz um. Polymer membranes were formulated as follows: A) 64 wt% NPOE (68.6
mg), 33 wt% PVC (33.2 mg), 2 wt% tetraoctylammonium nitrate (2 mg), and 1 wt% dodeca-"Bu
BU[6] (1.02 mg) in 50:50 anisole/THF (2 mL). B) 32 wt% NPOE ( mg), 66 wt% PVC (69.0 mg),
and 2 wt% tetraoctylammonium nitrate (2 mg) in THF (2 mL).

Ag/AgsS reference electrodes are employed in measurements using NaSH salt, and
Ag/AgCl REs are used in all other potentiometric experiments. All REs in this report were

made in-house. Procedures can be found in the Chapter III Experimental section.

Results and Discussion

Upon incorporation of 1wt% of dodeca-"Bu BU|[6] into a PVC-based membrane,
sensitivity and measurement precision increased for all anions measured (Tables 4.1 and
4.3), and detection limits for C1" and HS" dropped by approximately one order of magnitude.
Figure 4.3 illustrates how the addition of the macrocyclic ionophore improves both

detection limit and measurement precision.
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Figure 4.3 Potentiometric calibrations with and without dodeca-nBu BU[6]. Each point

represents the average signal of 4 identical sensors tested in triplicate.

These results show progression towards low micromolar detection required for
biomedical applications. We attribute this enhanced response to the noncovalent
interactions between the membrane and the analyte. The preorganized structure of the
macrocycle (Figure 4.2) yields 12 radial C-H hydrogen bond donors that stabilize the soft
HS" acceptor. It is believed that, even when membrane bound, these sites are available as
described above.

During membrane optimization, it was revealed that inclusion of dodeca-"Bu BU|6]
yields a 1.0 uM detection limit for the perchlorate anion. In comparison to published work
using dodecabenzyl bambus[6]uril as the ionophore, our ChemFET devices perform on par
with the ~1.0 uM LoD reported.?® This was expected due to previously reported solution-
phase bambus[6]uril binding the perchlorate anion in water.”> With a radius of

approximately 240 pm, perchlorate is thought to “fit” into the binding pocket (see Figure
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4.2). The impact of analyte ionic radius versus various N-substituents on bambus[6]uril

functional group sensor performance will be further probed in future work.

Table 4.1. Calibration of dodeca-"Bu BU[6] containing ChemFETs.

Cr HS-
Sensitivity 1 wt% (mV/dec) 46 +3.3 53+£9.1
Detection limit (mM) 3.6+3.0 0.40£0.18
Sensitivity 0 wt% (mV/dec) 32+6.4 30+ 16
Detection limit (mM) 41 £50 3.7+43

*Measurements are an average of 4 sensors repeated in triplicate. Standard error of the mean included.

Selectivity study

As previously mentioned, the fixed interferent method is employed to determine
membrane binding preference. Using the equation below, a selectivity coefficient, Kj”gt,
can be calculated:

pot __ aa
4.1 KA'B = .77
ap

Where a represents the activities of the target analyte, A, and an interferent, B, at the limit
of detection, and z, and zp are the respective charges. If Kf;’gt < 1, the membrane is

selective towards the target analyte, A. For example, if the selectivity coefficient is 0.10,

the membrane detects 10 target anions for every 1 interferent.

Table 4.2. Results of fixed interference studies.
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Interferent Cr Cys
Selectivity Coefficient 0.40 0.037

Notably, dodeca-"Bu BUJ[6] led to selectivity towards HS™ over both chloride and
thiol-containing biomolecule cysteine and (see Table 4.2). For cysteine, the high selectivity
is likely due to size screening as bambus[6]uril macrocycles are geometrically suited (see
figure) to bind inorganic anions. As for the preference over chloride, there could subtle C-
H interactions from the n-butyl groups and quaternary ammonium cation acting favourably
with the soft HS™ anion, which has been shown to be exhibit some preference for CH H-
bond donors.>> Future work could entail expanding the selectivity profile with other
monovalent anions. To further define the ChemFET response, we can investigate the
Hofmeister series.

Hofmeister series study

As previously stated, we are interested in observing ChemFET performance through
the Hofmeister series to further characterize the behaviour of membrane-bound
bambus[6]uril on potentiometric measurements. To begin, we screened the halides and
perchlorate for sensitivity and determined detection limit (Table 4.3). These anions were
selected due to documented bambus[6]uril halide sensitivity>® and a recently published

perchlorate ISE.?®
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Table 4.3. Detection limits for ChemFET device.

Ionic radius (pm) 0 wt% BU (mM) 1 wt% BU (mM)
Cr 181 41 3.6
Br- 196 0.36 0.22
HS" 207 3.7 0.40
I 220 1.0 0.0078
ClOs 240 6.1 0.0010

*BU= dodeca-"Bu BU[6] **Ionic radii selected from Shannon, R.D. Revised Effective Ionic Radii and Systematic
Studies of Interatomic Distances in Halides and Chalcogenides. Acta Crystallographica Section A 1976, 32, 751.

The detection limits given in Table 4.3 offer some insight into potential Hofmeister effects.
For the membrane without ionophore, there is a deviation from the expected series as bromide
displays a lower detection limit than anions may be due to cation effects in solution. When dodeca-
"Bu BU]J6] is incorporated, all detection limits drop at least one order of magnitude, with the
exception of bromide, indicating improved stabilization at the membrane interface. There is also a
size trend with the largest anion, perchlorate, displaying the lowest detection limit. This was
somewhat expected as the ~4.5A binding pocket of bambus[6]uril hosts large anions, like
perchlorate, consistently in organic and aqueous media.?® 37 We plan to complete this study by
screening additional anions, such as carbonate and fluoride, to gain a better understanding of the
effect of a bambus[6]uril ionophore on both ends of the Hofmeister series. No major disruptions
to the series are expected due to the size preference established through in-solution binding studies.
Diminished responses are predicted for anions, such as HCO3 and F- due to size and hydration
energy, whereas thiocyanate should perform equal to or better than perchlorate due to similar

positioning on the series.

54



Conclusions

In summary, we synthesized a novel bambus[6]uril receptor and investigated its
anion affinity for hydrosulfide by incorporating it into a polymer membrane and performing
potentiometric calibrations. This yielded a sub-millimolar detection limit and a sensor
selective for hydrosulfide over chloride, cysteine, and glutathione. Additionally, we began
a potentiometric Hofmeister series study with the bambus[6]uril ionophore. The
bambus|[6]uril-containing ChemFETs display strong sensitivity for perchlorate and iodide
and have thus far shown a size trend and will be elaborated on in future work. Moving
forward, bambus|[6]urils should continue to be probed as components for electrochemical
sensors due to their rigid structure, attractive properties in sensor membranes and potential

tunability of the scaffold.

Bridge to Chapter V

The chapter above introduces bambus[6]urils as a viable ionophore for the
hydrosulfide anion. This, in addition to the results of a recent Sindelar publication using
this type of receptor in an ion selective electrode, illustrates the potential for the use of
bambus[6]urils to as an ionophore. Chapter V reviews the work discussed in this

dissertation and offers suggestions for future research directions.
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CHAPTER V

CONCLUSION

Concluding Remarks

Water analysis is a crucial process for a panoply of applications, including healthcare,
environmental remediation, and agriculture; therefore, the identity and concentration of aqueous
anions is paramount in monitoring human and ecological well-being. While analytical approaches
to sub-nanomolar anion detection exist, they require added chemicals, expertise, or complex
analysis. Electrochemical sensors offer a quick, portable option for in situ anion monitoring;
specifically, potentiometric devices have low power consumption, inexpensive production, and
simple instrumentation that can be integrated into existing electronics. A robust alternative to
traditional potentiometric architecture (ion-selective electrodes) is the field effect transistors (FET).
FETs are a simple circuit component that, when modified with a sensing material at the gate
terminal, can be used as a potentiometric platform. An effective route for functionalizing
chemically selective FETs (ChemFETs) is by using a polymer membrane as the sensing material.
To impart selectivity, host-guest chemistry can be used to design ionophores by employing
noncovalent interactions in a similar manner to solution-state binding receptors. There has been
extensive research on the construction of such receptors, and we strive to improve ionophore
design inspired by receptor design principles.

This dissertation illustrates the utility of host-guest receptor design in ionophore-based
potentiometric ion-selective membranes. In Chapter 11, Hamilton-type receptors are employed into

a ChemFET device for barbituric acid quantification. This work highlights the potential for
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existing receptor molecules to be incorporated as an ionophore, and the ChemFET device performs
well in media such as river water and synthetic urine. In Chapters III and IV, the hydrosulfide
anion is targeted first with a simple ion exchange membrane in Ch. III. Following, a bambus[6]uril
macrocycle is synthesized and implemented as a ChemFET ionophore in Ch. IV. These chapters

provide insight into the crossover between electrochemical sensing and host-guest chemistry.
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APPENDIX A

SUPPORTING INFORMATION FOR CHAPTER II: POTENTIOMETRIC
MEASUREMENT OF BARBITURIC ACID BY INTEGRATION OF HAMILTON-TYPE

RECEPTORS INTO CHEMFETS

General Procedures

"H and '3C NMR spectra were obtained on a Varian 500 MHz spectrometer ('H 500 MHz,
13C 126 MHz). 'H and 3C NMR chemical shifts (8) are reported in parts per million (ppm) and
referenced to residual solvent resonances(CDCls: 'H 7.26 ppm, '*C 77.16 ppm; (CD3)2CO: 'H 2.05
ppm, *C 29.84 ppm & 206.26 ppm; DMSO-ds: 'H 2.50 ppm, '*C 39.52 ppm). The following
abbreviations are used in describing NMR couplings: (s) singlet, (d) doublet, (t) triplet, (m)
multiplet, and (b) broad. Masses for new compounds were determined with a Waters Synpat G2Si

ToF spectrometer.

Potentiometric Measurements

The ChemFET device is driven by an instrumentation amplifier obtained from Winsense™
which maintains a drain voltage (Vps) at 617.5 mV and the drain current (/p) at 99.6 pA. The
circuit holds an external reference electrode at ground while Vs, the voltage between ground and
source, is changed to maintain V'ps and Ip and is recorded as the measurement signal. An NI-DAQ
6009 data acquisition unit paired with a custom LabVIEW ™ program was used for monitoring
and recording measurements. The signal was recorded at a rate of 1 kHz. Unless otherwise noted,
each measurement was taken as the average of the signal over the 300" second of the measurement
period and experiments were performed with four identical (replicate) sensors and in triplicate.

Calibration of a single sensor is shown in Figure Al.
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Figure A1. One ChemFETs response recorded 0.1s™! in solutions with varying sodium barbiturate

concentrations. The sensors respond and swiftly equilibrate (approx. 90 s).

Potentiometric measurements were performed at ambient temperature in 50 mL
polypropylene centrifuge tubes. The solutions were prepared fresh for each experiment by the
addition of solid sodium barbiturate into 50 mM PIPES pH 7.0 buffer solution. Sodium barbiturate
is insoluble at room temperature; therefore the mixture was placed on a hot plate and allowed to
heat (50-70 °C) and stir until dissolved (15-30 minutes). The final stock solution has a transparent,
light pink color. The neutral buffer solution was made by combining solid PIPES with deionized
water. 4M KOH was added dropwise until all solid had dissolved. The pH was further adjusted
using KOH until 7.0 using a pH meter. A neutral environment was used to simulate both potential

biological and environmental conditions.
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APPENDIX B

SUPPORTING INFORMATION FOR CHAPTER II: HYDROSULFIDE-SELECTIVE

CHEMFETS FOR AQUEOUS H2S/HS"-MEASUREMENT

Reference Electrode Fabrication and Characterization

Fabrication. Ag/AgsS reference electrodes were made as follows: Ag/Ag>S wires were prepared
by soaking silver wire (99.9%, 0.5 mm dia) in 5% ammonium sulfide solution overnight. One end
of each wire was then soldered to a 20 AWG tinned copper wire and the solder joint completely
encased in Loctite Marine Epoxy (1919324). To form each electrode body, a 4A molecular sieve
was pressed into the tapered end of a 1 mL polypropylene syringe body (Norm-Ject 4010.200v0).
Agarose at 2 wt% was dissolved in warm 3 M KCI. 0.8 mL of this solution was poured into the
syringe bodies and allowed to cool. Then the Ag/Ag>S wire was inserted into the electrode body
and the wire secured to the housing. Reference electrodes were stored in 3 M KCl overnight before

their first use. Reference potentials were found to be 129-146 mV vs SCE.
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Characterization. Elemental composition and surface morphology were determined by scanning
electron microscopy energy dispersive X-ray spectroscopy (SEM-EDS) using a ThermoFisher
Helios Hydra Plasma FIB. Images were collected with an accelerating voltage of 10 kV. Additional
elemental analysis was performed using Thermo Scientific ESCALAB 250 X-ray photoelectron
spectrometry (XPS) system with an Al Ko monochromated source at 20 kV. Survey spectra were
taken along with high-resolution scans of Ag 3d, S 2p, and Cl 2p. Spectra were peak fit using the

Thermo Scientific Avantage 4.88 software to determine surface composition.

Counts (a.u.)

Sample 1 Sample 2
Bleach 2 hours (NHg),S 2 hours

Counts (a.u.)

Sample 3 Sample 4
Bleach 2 hours + NaSH 8 hours (NH4)2S 2 hours, NaSH 8 hours

Counts (a.u.)

Counts (a.u.)

Figure B1. (top) SEM-EDS analysis of a bare 0.5 mm Ag wire. (bottom) Elemental analysis of

samples 1-4.
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Elemental
Sample 1  Sample 2 Sample 3  Sample 4

composition

Silver 394 41.9 59.7 45.5
Chloride 35.8 - - -
Sulfur 0.25 19.1 23.8 17.8
Sodium 4.18 - 0.41 -
Oxygen* 12.8 14.7 9.97 13.4
Carbon* 7.2 19.9 5.85 19.3
Aluminum** 0.25 4.33 0.31 4.1

Table B1. Composition percentages for Ag wire samples from SEM-EDS analysis. *sample

adhesive **sample mount
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2. ChemFET Construction

FETs with unmodified gate oxides were purchased from WinsenseTM (www.winsense.co.th,
WIPS-C). These arrive pre-bonded to small printed circuit boards on which the source and drain
can be accessed via small contact pads. These pads were soldered to 20 AWG tinned copper wire
and the solder joints were completely encased in Loctite Marine Epoxy (1919324) leaving only
the FET surface exposed. NBR membranes were applied by drop casting using a 1-5 uL adjustable
volume pipette. In general, 12 drops of approximately 1.6 pL were required to achieve the desired
thickness of 100-150 um. Drops were applied approximately 15 minutes. After drop casting,

sensors were conditioned in an oven at 80 °C for at least 12 h.

Figure B2. Reference electrode (left). Red and green colored wires connected to the functionalized

ChemFET (right) indicate the source and drain connections, respectively.
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3. Measurement Setup.

All measurement solutions were kept sealed in 50 mL centrifuge tubes which were only opened
briefly in order to insert the sensors. Special threaded caps were made which sealed the centrifuge
tubes while allowing the sensors contact with the solution and while keeping sensor connections
accessible (See Figure S2). Sensors were operated by analog circuits which were constructed based
on the circuit diagram shown in Figure S3. The analog output (Vas) was read by a data acquisition

device (National Instruments DAQ 6009) which was operated by a laptop PC.

Figure B3. Centrifuge tubes used for measuring hydrosulfide-containing samples and specially

modified threaded caps which enable ChemFETs and reference electrodes to pass through.
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Figure B4. Circuit diagram. This circuit configuration maintains a constant drain current (/p) of

99.6 pA and drain voltage (Vps) of 617 mV in a feedback mode in which that the gate voltage

(VGs) necessary to maintain the constant drain current and voltage. Vs is taken as the

measurement signal. This circuit is based on an ISFET analog driver circuit available from

Winsense (Winsense.co.th, WIPSK-CBI1).
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APPENDIX C

SUPPORTING INFORMATION FOR CHAPTER IV: INTEGRATION OF DODECABUTYL

BAMBUS[6]URIL INTO CHEMFET FOR AQUEOUS ION DETECTION

GK3_33_column_glycoluril_pure.1.1.1¢
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Figure C1. '"H NMR spectrum of n,n dibutyl glycoluril. |H NMR (500 MHz, DMSO-d6) 5 7.48
(s, 6H), 5.21 (s, 7TH), 3.18 (dt, J=14.7, 7.6 Hz, 7TH), 2.96 (ddd, J = 13.9, 8.2, 5.7 Hz, 8H), 2.45 (s,
3H), 1.42 (ddq, J=20.6, 13.4, 7.0, 6.5 Hz, 15H), 1.22 (dtt, J=9.6, 7.3, 3.9 Hz, 16H), 0.87 (t, J =
7.3 Hz, 21H).
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Figure C2. IH NMR (500 MHz, Chloroform-d) ¢ 5.49 (s, 4H), 4.77 (s, 4H), 3.67 (ddd, J=15.3,
9.6, 6.3 Hz, 4H), 3.37 (ddd, /= 14.6, 9.4, 5.1 Hz, 4H), 1.76 (ddd, J = 14.4, 9.7, 5.7 Hz, 5SH), 1.60
—1.45 (m, 6H), 1.31 (p, J= 7.4 Hz, 9H), 1.25 (s, 2H), 1.22 (s, 1H), 0.93 (t, /= 7.3 Hz, 13H).
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Figure C3. 13C NMR spectrum of dodecabutyl bambus[6]uril 13C NMR (126 MHz,
Chloroform-d) 6 159.23 (d, J=27.5 Hz), 69.12, 48.66, 43.99, 30.16, 20.08, 13.92.
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