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ABSTRACT

The design and development of chemically modified surfaces for bioanalytical applications is
presented. Chemical surface modification is demonstrated to be a method to control surface
properties on the molecular level by selecting dppropriate substrate, linking chemistry, and
terminal group functionality. These systems utilize spontaneous interactions between individual
molecules that allow them to sel§semble into larger, supramolecular constructs with a
predictable structure dra high degree of order. Applications investigated in this thesis include:
surface patterning, switchable surface wettability, and biological sensor devices that combine

surface based molecular recognition, electrochemical detection methods, and idicsoflu

A multilayered approach to complex surface patterning is described that combiresseatbly,
photdabile protecting groups, and multilayered film&. photolabileprotecting group has been
incorporated into molecular level filmtbat when cleaed leaves a reactive surface site that can

be further functionalized Surface patternsre createdy using a photomask and then further
functionalizing the irradiated area through covalent coupling. Fluorophores were attached to the
deprotected regionproviding visual evidence of surface patterning. This approach is universal
to bind moieties containing free amine groups at defined regions across a surface, allowing for

the development of films with complex chemical and physitemical properties.

Systems with photoswitchable wettability were developed by fabricating multilayered films that
include a photoisomerizable moietys-/trans- dicarboxystilbene. When this functionality was

incorporated into a multilayered film using roavalent interadbns, irradiation with light of the




appropriate wavelength resulted in a conformational change that consequently changed the
hydrophobicity of the substrate. Methods were investigated to increase the reversibility of the
photoswitching process by creatiagrface space between the stilbene ligands. Utilizing mixed
monolayers for spacing resulted in complete isomerization for one cycle, while the use of SAMs
with photolabile groups produced surfaces that underwent isomerization for three complete

cycles.

A microfluidic device platform for ion sensing applications has been developed. The platform
contains components to deliver small volumes of analyte to a surface based microelectrode array
and measure changes in analyte concentration electrochemicatlyanalogous method to that

used in conventional electrochemical cells. Crown ether derivatives that bind alkali metal ions
have been synthesized and tested as ionophores for aamalifte device of this type, and the
sensing platform was demonstratéol measure physiological relevant concentrations of
potassium ions. Advantages of this design include: high sensitisMyt¢ mM), small sample
volumes (less than 0.1 mL), muéthalyte capabilities (multiple working electrodes), continuous

monitoring (aflow through system), and the ability to be calibrated (the system is reusable).

The selfassembled systems described here are platform technologies that can be combined and
used in molecular level devices. Current and future work includes: photapsatef gold and

glass substrates for directed cell adhesion and growth, the design and synthesis of selective ion
sensors for biological samples, mtdhalyte detection in microfluidic devices, and incorporating
optical as well as electrochemical transtiion methods into sensor devices to allow for greater

sensitivity and seltalibration.
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1: INTRODUCTION



Nanotechnologythe studyof molecular scalsystemsis aresearch field with applications that
range from energy production and storage, to new types of electronic devibes)thzare:?
Focusing on materials and structures with dimensions of 100 nm or smalleteararadogy
involves studyingindividual atoms and moleculess well asthe ordered,macromolecular
assemblieghat they form. One area of nanotechnology that hmeen examinedn the past
severaldecades is molecular level surface functionalizatfbonChemical surface modification,
where a chemical bond is formed betweaesubstratand the functionalizing unit, can be used to
control surface properties and prdei surfacefunctionality that thesubstratealone does not
possess such as: degree of wettability, biocompatibility, absorptivity, and molecular

recognition®

Seltassemblydescribes arentropically driven process in which a disorganized system of
individual units organizes into an ordered arrangement through interactions between the
individual components, without external influerfcédydrogen bondingr—n stacking, and van

der Waals forces are types of interactions that driveassiémbly. Overall, the free energy of

the system decreases as the sndrganize; the macromolecular assembly is more

thermodynamically stable than the unassembled components.

Selfassembled monolayers (SAMs) ara established method of functionalizing surfaces
through selection of appropriate attachment chemfstfj. Some of the first studies of
molecular, organic films on surfaces were performed by Irving Langmuir and Katherine Blodgett
in the 1930s, who developed methods to transfer layers formed at the air/water interdace ont

solid supports (referred to as LangmBiogett (LB) films)? LB films are formed by




compressing amphiplilic molecules on the surface of a liquid into an ordered arrangement, and
transferring the resulting film to a solid substrate. Although the LB technique generates a
molecular film, physisorptin interactions (rather than formation of a covalent bond) and the

complicated deposition process limits applicability.

Studies by Zismanet al in the 1940s demonstrated that hydrophilic platinum substrates
immersed into solutions of polar organic nwlkes in norpolar solvents resulted in hydrophobic
surfaces, which was attributed to the formation of oriented monol&ydéns1983 Lucy Netzer

and Jacob Sagiv reported on the absorption of silane surfactants on surfaces to generate oriented
monolayers and multilayer film'$*® Their work was described iNew Scientistthe films the
fabricated wassemhllilregl mdiscelldy er s Asoinh983, f i r st
Nuzzo and Allaraliscovered the absorption ofganic disulfide monolayeron gold'> and since

their initial reportthiols on gold have likely become the most studied SAM sySte@urrently,

there are over 15,000 scientific papers that discusassffimbled monolayers.

A diagram of a SAM that shows the three primary molecular components; linking group
(orange), backbone chain (black), and terminal group (R) is shown in FigureThe linking
group provides the attachment chemistry; linking groups include thiols for*4aitier;’
platinum?® palladium® copper® mercury?®?® and stainless steéélsubstrates and tricloro
trimethoxy, or triethoxy silanes for silica (e.g.; glass, quartz, silié3h) or metal oxide (e.g.;

indium tin oxide, ITOJ**

surfaces. The backbone chain, usually comprised of alkyb)(CH
groups, organizes and stabilizes the film due to -Hch@in (van der Waals) interactions.

Terminal groupsnclude methyl (CH), carboxylic acid (COOH), hydroxyl (OH), amine (M




and other chemistries that control the properties (wettabiity, discussed above) of the

functionalized surface.

Terminal Group R R R R R R

(CHs, COOH, OH, NH2)

Backbone
Chain

Linking Group
(Thiol, Silane)

Substrate
(Metal, Metal Oxide, Silica)

Figure 1.1: Diagram of a SAM showingsubstrate (grey)link ing group (orange),
backbonechain (black), andterminal group (R).

Two specific examples of SAMs are shown in Figure 1.2, dodecanethiol on gold and
dodecyltrimethoxysilane on glass. These 2D representations are not meant to depict the
molecular surface arrangements; however, differences between these systems aréhnaited.

on gold are dynamic; individual molecules translate across the surface and organize into an
arrangement that maximizes chaimain interactions. Silanes on glass (or other silica and metal
oxide substrates) form a polysiloxane network (shown irur€igl.2) that is not dynamic.

Alkanethiols on have a sulfiulfur separation of ~ 5 A and organize into a tilted arrangement




with a cant angle of approximately 30° to the surface notrfadlysiloxane surface networks
have an intechain spacing of ~ 4.4 A and orient nearly perpendicular to the substrate with cant

angles of 0° to 5° reportéd.

Dodecanethiol Dodecyltrimethoxysilane
ﬁ ~ -Sih fSi'h .-Sim ;$i'~0/
R A U A U 4 4 ¢ 9696 99 %0
I H - -
Gold Glass

Figure 1.2: SAMs of docecanethiol on gold (left) and
dodecyltrimethoxysilane on glass {ght).

Monolayers of alkanethiols deposited on gold are one of the most studiegsatibled surface
systems due to specific advantages of the substrate, the thiol group, and the interaction between
the two. Gold does not easily oxidize, does not reatt most chemicals, is electrically
conductive, and can be deposited by thermal evaporation as a thin film on solid supports such as
glass or silicori’’® SAMs can bealso formed on polycrystallinéulk gold surfaces thaare
polished or cleavetf* Thin films on gold can be characterized by methods that include

physical (contact angle (CR), electrochemical (cyclic voltammetry (C¥), impedance




spectroscopyEIS)’), spectroscopic (optical ellipsometRinfrared spectroscopy (IR§,surface
plasmon resonance spectroscopy (SBRX-ray photoelectron spectroscopy (XP%) and
microscopic (atomic force microscopy, (AFfscanning tunneling microscopy(STH#) Gold
is compatible with biological systems and modified substrates can be used as templates for

studies such as cell adhesfén.

Alkanethiols are stable compounds and synthetic proceduresdipanate thiol moieties into
molecules are well establish&d.Thiols have a high affinity for gold substrates, and displace
adventitious surface contaminants. SAMs can be prepared amdéent laboratory conditions;
manipulation of both gold substrates and thiol compounds does not require sophisticated
equipment such as clean rooms or dftigh vacuum. Monolayers utilizing thiol-gold
interactions arestable to conditions includingimmersion organic solvents and aqueous

solutions**’

SAMs d alkanethiols on gold have been used for applications including:
photovoltaics?® cell adhesiort? protein adhesioR? pH sensing: glucose sensintf, and ion

sensing’>

Monolayer preparation involves cleaning typ@d substrateusing an oxidizing acid or oxygen
plasmaimmersion ina dilute (~ 1 mM) thiol solution in an organic solvent, incubation of the
substrate in thadsorbatesolution to allow for SAM organizatio(12-24 hours) andwithdrawal
and rinsing of the surface to remove any physisorbed matefidle mechanism of SAM
formation involvesa fast(seconds to minutesteraction between the tiligroup and the metal
surface followed by a slow(minutes to hoursjeorganization of the film due the interatomic

forces between the molecules that make up the monctay@ompounls with alkyl chains of




10 to 18carbons in length are used to maximize inter chain van der Walls forces that organize

and stabilize the film.

The nature of the thigjold bond ad the process by which ordered monolayers form remains
controversial and not precisely understdo@he reaction is gendha described as an oxidative
addition of the thiol to the gold surface followed by reductive elimination of hydrogen @s H

the oxidative conversion to water in the presence of oxygen). This results in the formation of a
covalent AuS bind with a bindstrength estimated to be ~ 40 kcal/hdlhe interaction between

thiol compounds and gold subates has been studied by scanning tunneling microscopy (STM)

and has been described as a rraip proces¥

At low surface concentrations (immediately following substiatenersion) thiol molecules
chemisorb to the gold and form what are referred to as striped phases in which individual thiol
molecules lay flat on the substrate and rapidly transverse across the Yurfse¢he surface
concentration of thiols increase, nucleation islands from where neighboring molecules meet as
they move across the surface. At these nucleation islands the film begins to organize as the alkyl
chains cease lying flat andient away from the surface due to interchain interactions. As the
initial thiol molecules orient themselves into growth islands additional surface space is created as
the flat striped phases form vertical arrangements with respect to the substrateesultssin

thiol molecules from solution to bind to the substrate and fill in any gaps as the film continues to

organize.

Although the thiolgold interaction is strong, thiols on gold have been shown to be dynamic in




that they can migrate across the stdie in solution (by STM studies), although the dynamic
nature of alkanethiols on gold substrates is not well underétoGeénerally accepted is that
thiols molecules bind at the thré@d hollow sites of a Au(11ll) lattice (Au(11l) is
thermodynamically most favorable for evaporated gold films) with a separation of 5 A as
previously mentioned. Migtion of thiolates between neighboring hollow sites likely proceeds
by movement of the thiol to a top site (directly above a single gold atom), however whether the
migration mechanism involves desorption and reformation of the gold thiol bond or movement
of the entire AuS molecular assembly has not been deterniindd. either case the final
organkation of the film is driven thermodynamically by the orientation of the backbone alkyl

chains of the alkanethiol molecules.

Supramolecular surface bound architectures, such as those described above, are used to add
properties to a substraie a controlled manner, without sacrificing the useful properties of the
initial surface (e.g., rigidness, transparency, electrical conductivity). For example; a hydrophilic
surface can be modified to repel water, a surface that does not absorbigisitdan be made to

capture electromagnetic radiation, and surfaces can be prepared that will respond to changes such
as electric potential, heat, pH, or other stimuli. Surface modification methods use the chemistry
of individual atoms and molecules dmetnanoscale to affect properties on a significantly larger

scale.

An example of a functional surface investigated here is one that can be patterned to introduce
different types of functionality in different regions of a surface. In this thesis a pagtern

method is described which can be used to repeatedly activate and functionalize a substrate with




new types of chemistry in specific regions. A significant limitation to some types of patterning
methods (such as microcontact printing where a stampanghttern is inked with monolayer
solution and applied to a substrafe)s that once the surface is patterned, no further
functionalizaton can take place. Using the patterning method described here the same surface
can be repeatedly activated towards further modification in different areas, which is of interest

for biological applications that include sensors and cell adhesion.

Surfaceghat sense biologically relevant analytes (such as alkali metal ions and blood glucose,
described in detail below) are useful as disease indicgtoParticular interest is in designing
surfaces and devices that sense multiple analytes (for exampb@s<along with glucose). In

order to fabricate mukanalyte sensors it is necessary to develop methods to attach different
sensing moieties to the same substrate. A surface patterning method that uses light to activate a
portion of the substrate to mification with one sensor, and then allows for the process to be
repeated in another region, will accomplish the goal of generating a
multifunctional/multicomponent sensing substrate. The system described uses a monolayer with
a photolabile portion thavhen cleaved, reveals a reactive site. New chemistry is introduced at

the reactive site and the process is repeated in other regions of the surface.

Cell adhesion and growth on modified substrates is also of biological im&tedRarticularly,

the controlled growth of nerve cells for repairing damaged neuronal networks is significant.
Injured nerve cell networks result in the loss of muscular and sensory fu@cttbrcurrent
treatments, such a nerve grafts, often do not result in the function that was damaged being

restored. Substrates that specifically direct the growth of neurons in defined arrangements can




be used for both basic neuroscience research as wellvashe potential to be implanted in the
body to reestablish broken neuronal connectiBnRatterned surfaces fabricated with different
types of chemistries can be used to control neuronal growth in defined arrangements, and the
patterning method developed is designed to allow for incorporation of more than one type of

chemistry (terminfunctionality) on the same substrate.

Systems that undergo photoinduced changes in wettability are of interest for microfluidics.

Mi cr of | utiodacchioprdo fidpappor oaches i nvolve scaling dc
small sample volumes. For exampé, microfluidic reactors allow for chemical reactions to take

place on a small scale which minimizes the amount of reactants needed and also the amount of
waste produced. These types of systems can be used to run a large number of reactions in a
fraction of the space with a fraction of the supplies that would be necessary for a conventional
bench reaction. Also, by sequestering the reaction to a sealed microfluidic system the individual
running the process is not in contact with harmful reactants or gigdunproving safety.
Microfluidic sensors allow for analyte to be detected using sma)l $ample volumes, which

are of particular interest for physiological monitoring devices that use a minimal fluid v8lume.

These types of microfluidic systems require the precise control of fluid®How.light driven

fluidic gate that operates due to a change in surface wettability between hydrophobic (gate
closed) and hydrophilic (gate open) would be useful in controlling the mixture of liquids in a
microfluidic reactor. A reversible gate would all@pecific volumes of liquid to be introduced

to a reaction chamber by applying a stimulus of light to open and then close the fluidic gate,

which is desirable in that it maintains a closed microfluidic system with no moving parts as the
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gate is simply a mlecular layer on the substrate. Reversible systems that are fabricated from
multilayered films are advantageous because the film can be quickly assembled from simple
components and also because multilayered films can be formed in specific regionssifadesub

using surface patterning.

Surface based sensing systems are investigated with the goal of measuring alkali metal
concentrations present in physiological samples. Electrolyte levels (particuldrgnila’) in

the body are important for nervenca muscular function as well as control of the level of
hydration®” Na" and K" pass through ion channéisthe cell membrane to control neuronal and
muscular activity, and if the physiological amounts of these electrolytes are not at the proper
levels, muscle weakness or involuntary muscle contractions can occur. Normal physiological
concentrations of Naand K" are 135145 mM and & mM, respectively® Severe deviations of

these electrolyte levels can lead to both cardiac and neurological problems which can be life
threatening. Also, the kidneys egte excess electrolytes and a high level in the bloodstream is
indicative of a problem with renal function. Systems that monitor levels of alkali metal ions, and
particularly those designed to measure more than one analyte, are therefore useful fersdiagno

and treatment of medical complications.

Monitoring lithium ion concentration in physiological fluids is vital for patients that are being
treated with lithium therapy for manitepressive disorders or hyperthyroidi&m.Although

lithium therapy is effective in treating these disorders, there is a very narrow therapeutic range in
the blood seam. The therapeutic range for lithium is on the order of 0.5 to 1.2 mM, however at

concentrations above 1.5 mM becomes toxic and at concentrations above 2.0 mM becomes
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fatal®® Therefore patients treated with lithium therapy need to be closely monitored to ensure
that lithium levels remain in the desired therapeutic range and do not cm$seintangerous or
fatal levels. Sensor platforms that detect lithium, and are capable of continuous monitoring, are

therefore of particular interest to patients with these disorders and physicians treating them.

Blood glucose monitoring is needed fodividuals with diabetes. Diabetes is a disease in which
the level of sugar in the blood cannot be properly controlled due to an insulin defitiency.
Insulin, which is produced in the pancreas, controls the ability of cells to uptake glucose and
convert it into energy. Without proper insulin control glucose levels in the blood increase which
can lead to a series of health issues including visionlgmady circulation problems, and organ
failure if left untreated®> Two main types of diabetes includepky! (where the body does not
produce insulin) and Type Il (which results when insulin does not properly control glucose
uptake by cells). Individuals with diabetes (particularly those with Type | which are treated by
insulin injections) require daily maoring of blood glucose levels in order to determine how

much insulin to take and how much sugar to ingest.

Normal blood glucose levels are in the range of 4 to 10 mM depending on when a meal was last
eaten as glucose levels typically increase upon imgefood until the cells of the body break
down the sugar into ener§y.Levels in the range of 15 to 20M or above are indicative of high

blood sugar, or hyperglycemia, which is a dangerous condition if left untreated. Individuals with
Type | diabetes need an immediate insulin injection to lower their blood sugar if a high level is
detected. Although déses are currently on the market that monitor blood glucose levels,

incorporation of glucose sensing into a mualtialyte device that also monitors other
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physiological levels (such as alkali metal ions) will increase the usefulness of the system as a

diagrostic aid.

It is emphasized that the sensors used in this work were chosen as-afgnootiple for the
sensor device platform, in that they demonstrate the incorporation of different types of sensing
units that respond to different analytes. A attar application and drive behind developing the
sensing platform described here is for continuous, remote monitoring. The ability to monitor
conditions of individuals who are undertaking strenuous activity (such a soldiers in the field or
athletes partipating in a sport) from a remote location would allow for medical personnel
recognize a medical problem and intervene prior to the problem becoming life threatening. For
example, marathon runners (particularly on very hot days) are in danger of viaxésaition
(hyperhydration) if they inadvertently consume too much water which causes electrolyte levels
in the body to be out of balance and can result in improper brain function leading to death. If
electrolyte levels (Naand K" are monitored contirausly during strenuous activities such as
running or other types of physical training, deviations from normal levels can be detected and

treated prior to reaching levels that are life threatening.

The applications described above were investigated bic&img chemically modified surfaces
using seKassembled monolayers formed through thiol gold interactions. These studies use
functional surfaces that are assembled using simple molecular components to create
supramolecular systems that can be patternedergo wettability changes, and respond to

analyte binding.
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The approach used in our lab to modify surfaces is to: (1) choose and optimize the linking
chemistry for the substrate, (2) determine the terminal groug, (CBOH, OH, NH, etc)
required, (3) synthesize the molecular components used to fabricate the monolayer, (4) deposit
and characterize the thin film, and (5) test the system with the application that it was designed for
(wettability, sensing, cell adhesiogtc). This methd approaches surface modification by first
examining the chemistry of the substrate and then building upon that by using beth self
assembling molecular interactions and the ability as chemists to form bonds between atoms and

groups of atoms.

An example 6this method is in the design of a sensing surface for alkali metal ions. Sensors
that use electrochemical detection require a conductive substrate and selection-tbfogold
linking chemistry will satisfy this requirement. A crown ether terminal grongvides a metal

ion binding site which can be linked to a thiol group through an alkyl chain for surface
attachment. Deposition of the monolayer and characterization to determine surface coverage,
degree of order, and terminal functionality will confithe film structure. Finally, testing of the
modified substrate in the presence of metal ions using electrochemical detection methods

confirms successful fabrication of a surface sensor.

The overall goal of the work presented is to use interactionti@mblecular level to effect
surface properties for bioanalytical and biomedical device applications. The research undertaken

and described here has the following specific aims:

A Create a O6tool boxé6 approach to sassemblece f

complex systems from simple components.

14

u



A Develop a surface patterning method that allows multilayered (tneslefore
multicomponent) films to be formed in specific regions of a subdwatpplications that
include multianalyte sensors as wak scaffolds for cell growth

A Fabricate films that undergo reversible phiotduced changes in wettabilitjor
applications as microfluidic gates

A Design and implement a microfluidic device that is capable of ranklyte detectiofor

monitoring multiple physiological samples

The results described are a platform technology that can be used to control surface properties and
the systems developed are not limited to single applications, but applicable to different types of

bioanalyical studies.

This dissertation is divided into six chapters. Chapter 2 provides detailed descriptions of the
surface characterization techniques used in the studies presented, along with experimental details
for these techniques. Chapter 3 providdsrief overview of the surface modification approach
(specifically multicomponent films) used for the studies described in the later chapters. Chapters
4-6 discuss surface patterning, switchable wettability, and sensor devices, respectively. Each
chapte includes a brief introduction followed by results and discussion, a concluding summary,
and future considerations along with descriptions of any relevant preliminary studies
investigated. Experimental and synthetic details for all films and compouegsred are
provided at the end of each respective chapter, and spectroscopic characterization (NMR and

MS) is provided in AppendiA.
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2. EXPERIMENTAL DETAILS
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INTRODUCTION

This chapter presents experimental details regarding the seHaracterization techniques used

in the studies reported. Sa$sembled monolayers and multilayered films were characterized by
instrumental techniques to provide information about the film such as: wettability, chemical
composition, coverage, and thigss:° By analyzing the film at each stage of construction, and
by comparing the differences from one layer to the next, the structure of the monolayer or
multilayer can be determined.e@hniques used in this thesis include: contact angle goniometry,
infrared spectroscopy, -pay photoelectron spectroscopy, cyclic voltammetry, and

electrochemical impedance spectroscopy.

2.1. Contact Angle Goniometry.

Measurements of substrate wettapilrovide information about the type of functional groups
exposed to the surface of the fift®®’® The sesi#e drop contact angle technique (used in this
thesis) involves placing a drop of liquid, usually water, on the surface to be analyzed, and
measuring the angle that the droplet makes with the surfacep®anterminal groups, such as
alkyl groups of a 8M of dodecanethiol, will make a surface hydrophobic, and result in a high
contact angle (1¥2. Polar functional groups, such as carboxylic acids of a SAM of
mercaptoundecanoic acid, will make the surface hydrophilic, and result in a low contact angle
(29°). The angle measured for a hydrophobic and hydrophilic surface is shown in Figure 2.1. An
image of a contact angle goniometer used to make these measurements is presented in
Figure2.2. The instrument consists of a light source, a movable sample stalgguid

dispensing system, and a digital camera. The instrument is interfaced to a personal computer for
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automated measurements.

Advancing and receding contact angle measurements can be used to determine the contact angle
hysteresis, or the differea between advancing and receding contact angles. Advancing contact
angles are measured as a drop of liquid is applied to surface immediately prior to separation of
the drop from the dispenser and receding contact angles are measured as a drop af liquid i
removed from a surface immediately prior to separation of the entire drop. Alternatively,
advancing and receding contact angles can be measured using a tilting sample stage; the sample
is tilted until the droplet moves across the surface and the adgaaond receding angels are
measured immediately prior to movement of the drop. The difference between the advancing
and receding contact angle (hysteresis) provides information about the substrate such as
roughness and homogeneity. A larger hysteresiadicative of a rougher, inhomogeneous

surface, and a smaller hysteresis is indicative of a smoother, uniform surface.

Hydrophobic Surface Hydrophilic Surface

Figure 2.1: Contact angle measurement.
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Automated Dispenser

Light Source Digital Camera

Sample Stage

Figure 2.2: Photograph of a contact angle goniometer.

Sessile drop contact angieeasurements were made using a Rataé Model 300 Goniometer
(Netcong, NJ) . Measurements were taken using
substrates using the Automated Dispensing System accessory coupled to the goniometer. Images
were olbained by an integrated digital camera and the entire system was under computer control
usingRameéHar t 6s DROPi mage Standard (v. 2.0.10) so
the contact angle once the liquid is dispensed using the contrast diffeetneet the drop

(dark) and the background (bright). Five measurements were taken per slide for five different

samples and the results were averaged.

2.2. Grazing Incidence Infrared Spectroscopy.
Functional group analysis of monolayers on metal substreds provided by grazing incidence

infrared spectroscopy, also referred to in the literature as reflesbi®orption infrared
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spectroscopy (RAIRS) or polarized infrared external reflection spectroscopy (PTERS).In

the experiment, the incident IR beam is refleaéfcthe surface at a grazing angle (to enhance
sensitivity) into the detector which measures the intensity of the reflected beam, as shown in
Figure 2.3. The signal is inherently weak due to the small number of absorbing molecules, and
sensitivity is ale enhanced by purging the beam path with nitrogen during the experiment to

limit interference of water or other vapors.

IR 0 0 IR
Source Detector

Z SAM

Substrate

Figure 2.3: Grazing incidence IR measurement

Not all absorption bands present in the monolayer are observed with this techuqteetbe

orientation of the bonds relative to the surface. Only those vibrations with transition dipoles that

have components perpendicular to the surface are obséW/ddThi s effect ,- cal l e
surface selection ruleodo determines which <con
observed by grazing inciden®e. A molecule absorbed on a metal surface induces a local,
opposite charge in the substrate which enhances the transition dipelgsaperpendicular to

the substrate and cancels out the dipole for parallel orientations, as shown in Figure 2.4.
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IR Active IR Inactive

Perpendicular O Parallel

Substrate

Figure 2.4: Molecular dipoles oriented perpendicular (left) and parallel (right) and
the charges induced in the substrate; perpendidar dipoles are enhanced
and IR active, parallel dipoles are negated and IR inactive.

Grazing incidence infrared spectra were obtained on the same instrument previously described
equipped with a Thermo Nicolet grazing angle accessory in place of theaédd®sory.The

incident IR beam was at 75 degrees to the gold substrates. Prior to measurement the optical path
was purged with nitrogen for 30 minutes, and purging was continued during the experiments. A
bare gold slide was used as the background, and a negrbackl was collected immediately

prior to each sample run. The scan range was from 4000ten600 cnt, with 64 scans
collected for each sample. The spectra were automatically correctedQoartd CQ, and a

manual baseline correction was performedragach experiment.

2.3. Xray Photoelectron Spectroscopy (XPS).
XPS measures the number and kinetic energy of electrons that are removed from a sample by X

ray irradiation in ultrehigh vacuum (pressures lower thanx110° torr). The technique is
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uswally destructive to the sample. XPS provides the chemical composition of the material
analyzed as electrons of each element have different energies, and the technique is used to
determine the elemental components of-asfembled monolayers. A diagrarhan XPS
measurement of a SAM is shown in Figure 2.5, the instrument consists ofans¥urce, a
collection lens (collects the emitted electrons), an electron energy analyzer (measures the kinetic
energy of the emitted electrons), and an electron agtdcounts the number of emitted

electrons)?

Electron Energy Analyzer
Electron Detector

Collection
Lens

Focused
X-Ray Beam
\ // Emitted Electrons
| B e SAM

Substrate

Figure 2.5: XPS measurement of a SAM.

XPS analysis was performed by Anderson Materials Evaluation, Inc. (Columbia, MD) and the
following experimental details were provided in their rep&@amples were prepared, rinsed, and

sealed in nitrogen purged vials during shipping for analysis. Spectra were collected on a Surface
Science Instruments SA00 X-ray photoelectron spectrometer equipped with a monochromatic

Al Kdday ource (1487 eV), aide-angle input lens, a hemispherical analyzer, and a
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multichannel detector. An elliptical Xay beam measuring 1.2 by 0.6 mm on the major and
minor axes was used. Spectra were collected freon1Q00 eV at a step size of 0.5 eV using 32
scans of the eargy range, a neutralizer electron beam energy of 2.4 eV, and a dwell time of 100
ms at each step. The analysis chamber was at less thad 8 torr during data collection. The

C 1s primary component binding energy was set to 285.00 eV (found in unsaturated
hydrocarbons and used as an internal stantfaad)l all other binding energies were adjusted

accordingly.

2.4. Cyclic Voltammetry (CV).

Cyclic voltammetry is used to examine the electrochemical properties oeasselnbled
monolayers, particularly their ability to restrict electron tran&f&#? Cyclic voltammetry
involves changing the potential across two electrodes in solution and monitoring the resulting
current™®® If a redox active species is present in the electrolyte, the reversible oxidation and
reduction will be observed as an increase in the anodic (oxidation) or cathodic (reduction)
current. CV experiments are used to characterize the blocking droxking nature of a SAM

to this redox process; a well ordered monolayer forms an insulating layer and the redox process,

and resulting current, is attenuated.

A gold slide, with a SAM or multilayered film attached, is used as the working electrode.
Electronflow is between the working electrode and the counter electrode. The potential is
measured between the working electrode and the reference electrode (which has a known,
constant potential). The electrolyte contains the redox active species (suclcganiele) and

supporting electrolyte that serves as a charge carrier. The cell is connected to a potentiostat
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which controls the potential between the working and reference electrode by passing current

between the working and counter electrodes.

A CV profile of a SAM (dodecanethiol), along with that of bare gold for comparison, in the
presence of ferricyanide is shown in Figure 2.6. The oxidation/reduction proc&ss (Fé&"p

is observed when an #anctionalized slide (bare gold) is used as the waylglectrode. When

a monolayer is formed on the substrate, electron penetration to the surface is blocked, and the
redox process is not observed (SAM). This insulating behavior is indicative of a well ordered

film that has formed a complete (no defetager on the substrate.
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Figure 2.6: Cyclic voltammogram of a SAM on gold.
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Electrochemistry experiments were performed with a Gamry Instruments (Warminster, PA)
Reference 600 Potentiostat/Galvanostat/ZRA. A tleteetrode cell was used with tf8AM
functioning as the working electrode, a platinum wire counter electrode, and referenced against a
saturated calomel electrode (SCE). An alligator clip connected the gold slide to the instrument,
and a surface area of 1 tiwas placed in the electrobstsolution. The electrolyte was an
agueous 1 mM potassium ferricyanide solution with 0.1 M potassium chloride as supporting

electrolyte. Voltammograms were obtained frefn3 V to 0.7 V at a scan rate of 60//s.

2.5. Electrochemical Impedance Speatapy (EIS).

Impedance spectroscopy is used to examine properties afsselfinbled monolayers including
surface coverage, monolayer composition, and the ability of surface sensor molecules to
selectively bind ion€>*% Impedance spectroscopy involves applying a sinusoidal AC potential
with a DC offset potential. The capacitive components of the system studied give sinusoidal
current responses that are 90 degrees out of phase with the AC perturbation, and resistive
components give current responses in phase with the perturbation. By fitting this response to an
ideal system (or model circuit), the capacitive and resistive contributions cancoawsuted,

and their magnitudes can be estimated.

A film on gold can be éscribed as a parallel plate capacitor which is composed of two
conductive surfaces separated by an insulating layer. In this system the gold surface and the
electrolyte solution are the conductive plates, and the monolayer is the insulator. The

capacitace of a parallel plate capacitor is given by the equation:
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whereC is the capacitance;is the dielectric constant of the filmg is the permittivity of free

space (a constantl,is the separation of the plates, ahis the area. Changes in the thickness

(d) of the film will result in changes in the capacitance which can be measured by impedance
spectroscopy. lon binding in SAMs can also be monitored by impedance measurements.
Binding of metal ions to a monolayercreases the charge of the film, consequently increasing

the dielectric constant), and as a result, the capacitance.

Charge transfer resistance of the film can be examined if the impedance measurement is done in
the presence of a redox species atfdmal reduction potential of the probe. If the redox probe

has access to the substrate, the charge transfer resistance will be low (ohms), and if the interfacial
properties of the film are such that the probe cannot access the surface, the charge transfe
resistance with be high (kohms to Mohms). Changes in the charge transfer resistance are
indicative of changes in the structure of the monolayer. For example, a substrate that binds metal
ions, will have an increase in charge transfer resistance updbiriding (in the presence of a

positively charged redox probe) due to electrostatic repulsion in the film.

Impedance measurements of monolayers on gold are usually modeled to Helmholtz (a solution
resistance in series with the monolayer capacitanc®anodles (an additional charge transfer
resistance element in parallel with the monolayer capacitance) equivalent circuits. A diagram
showing Helmholtz and Randles circuit along with plots of the imagwveamgal components of

the overall impedance indke systems is shown in Figure 2.7. The choice of equivalent circuit
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depends on experimental conditions such as supporting electrolyte and applied potential.
Supporting electrolytes that contain redox active species necessitate the inclusion of a charge
transfer resistance element in the equivalent circuit model, and monolayers on gold have been
shown to behave like different electrical circuits depending on the DC potential used in the

experiment”

A constantphase element (CPE) can be used to model SAM systems that deviate from ideal
capacitive behavior. In Figure 2.7 curves A and C indicate ideal capacitive behavior for each
circuit shown, while curves B and D show nonideal behavior that would be expected if
capacitive defects are present in the layers. The inclusion of a CPE in the circuit model takes
into account impedance behavior of the system that results in sinusodial current responses that
are between an ideal capacitor (90 degrees out of phasehgithettubation) and an ideal
resistor (in phase with the purtubation). Capacitive values can be extracted from CPE fitting
using a series of equations, however this form of capacitacne has units that depend on the

capacitive ideality and cannot be comphbetween different systeri:**

Impedance spectroscopy was performed whlh same instrument used for cyclic voltammetry
with the same electrode configuration (working, counter, and reference). A supporting
electrolyte of 0.1 M tris(hydroxymethyl)aminomethane (TRIS) buffer (adjusted to pH 7.4 with
concentrated HCI) that com@d 1 mM hexaamineruthenium chloride (redox probe) was used
for ion titrations. Impedance measurements were taken at the reduction potential of the redox
probe vs. the reference—-0.18 V vs SCE,-0.1 V vs plated silver, determined from CV

measurementsyith a 10 mV AC perturbation over a frequency range of 10 kHz to 100 mHz (10
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points per decade). Aliquots of 0.1 M aqueous ion solutions (LiCl, NaCl, KCI) that contained
1 mM hexaamineruthenium chloride were added to change the ion concentration. |eedtip
experiments were performed with three working electrodes (in the same electrochemical cell)
interfaced with a manual switch that allowed each electrode to be independently selected for
measurement. Data was fit to a Randles equivalent circuit asmglex nodinear least square

fitting with Gamry Echem Analyst (v.5.50) software.
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Figure 2.7: Complex impedance plots for two types of equivalent circuit models
showing ideal (A and C) and nonideal (B and D) capacitive behavior
(Rsoin = solution resistance, R = charge transfer resistance,
Ca = monolayer capacitance, CPE = constant phase element).
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3. SQURFACE M ODIFICATION
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INTRODUCTION

Chemical surface modification is a method to alter substrate propertiesinanduce
functionality into a system. The aim of this
surface modification that is used in the studies presented in this thesis. This approach employs
simple molecular components (a molecular tog)binat are either commercially available or

easily prepared to fabricate surface based systems throughsseihbly. Multilayered (and

therefore multicomponent) films constructed using both covalent andowatent interactions

are introduced as a meithto incorporate new chemistry into an existing monolayer.

Covalent coupling reactions involve forming chemical bonds at reactive surface sites, similar to
conventional organic synthesis, and recent reports have focused on chemical reactions on
monolayermodified substrate§8?'* These descri ptions of oéreacti
demonstrated #t monolayers with reactive sites can be further functionalized. Specifically, the
functionalization of carboxylic acid surfaces by amide bond formation has been shown to be a
way to add functionality to substrates that first involves activation of tldeuang carbodiimide

chemistry, followed by exposure to a compound with a free amine group. The resulting

multilayered films retain properties of the monolayer such as stability and a high degree of order.

Incorporation of multiple molecular componentgo thin films can also be achieved by
non-covalent assembly using metmjand interactions. Multilayered films fabricated by the
sequential deposition of organic molecules and metal ions increase the complexity and

functionality of the surfaces compdreo SAMs aloné**® |n addition to previous work in our
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laboratory:**'8 other examples of such multilayered films have been reported.exéonple,
Ulman et al fabricated multilayered films of mercaptoalkanoic acid and copper'idm@sd

Brust et al used alkanedithiols acid and ceppions™® Other groups have demonstrated
assembly of multilayered films based oe thteraction of copper, zirconium and other ions with
ligands containing sulfur, carboxylic acids, and phospHaté& An advanage of this method

of assembly is that ordered films with complex structures can be constructed from simple

molecular building blocks in a controlled manner with minimum synthetic effort.

This chapter is divided into three sections. The first is a disgussion of functional SAMs

used in this thesis that expands on the description of how our laboratory approaches surface
modification introduced in Chapter 1. Multicomponent films formed covalently and non
covalently are discussed in the two followirersons, respectively. The purpose of this chapter

is to provide a comprehensive description of the different types of surface modification methods

used in the work presented.

31



RESULTS AND DISCUSSION

3.1. Monolayers.

The first step in theurface modification process introduced in Chapter 1 is to select attachment
chemistry for the substrate; the studies reported in this thesis are performed on gold, and thiols
groups were used for the reasons described previously. A selection of fundhimha
compounds with different terminal groups (§HCOOH, OH, NH, etc) and different alkyl

chain lengths (3 to 18) is available commercially and serve as a foundation for a molecular

0t ool box 6. As descri bed bel otwonsites@ne odechas@ar s Wi

scaffold for multilayered film assembly.

Synthetic routes to functional thiol compounds for monolayer preparation are also presented in
this thesis. In the interest of using simple molecular components that are prepared gllickly,
synthetic routes are limited to 4 or less steps; one step preparations are preferred and used in the
majority of the studies presented. A molecular component for surface modification was prepared
that included a photoactive group and the one stepegue is described in Chapter 4, Section

4.1. This compound was also demonstrated to be a scaffold for fabricating multilayered films
both covalently and neoovalently (see below). Molecular components for surface based ion
recognition were also prepareising a one step synthetic process (Chapter 6, Section 6.7) New
functional molecular components for thin films that are either photoactive or ion binding are also

proposed in the future work section of Chapter 6.
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3.2. Covalently Coupleslultilayered Films.

Multilayered films formed by covalent coupling were fabricated in patterns and are the subject of
Chapter 4. Covalently assembled films were also used to generate substrates with regions that
promoted nerve cell adhesion, see futurekna Chapter 4. Amidation reactions on surfaces
proceed with high yield and can be performed using either free amine or carboxylic acid surface

sites. Covalent coupling by amide bond formation is a three step process.

SAMs with carboxylic acid terminagroups are activated with EDC/NHS toward amide bond
formation!*?**® Following activation, exposure to a solution of a compound with a free amino
group results in a covalent surface coupling reaction. The mechanism for amide bond formation
using  }(3-dimethylaminopropyb3-ethylcarbodiimide  hydrochloride (EDC) and - N
hydroxysuccinimide (NHS) activation on a surface is shown in Figure 3.1. EDC first reacts with
the free carboxylate to form an unstable amreEctive intermediate, which then undergoes
nucleophillic substitution with NHS to form a sestable amingeactiveNHS ester. The NHS

ester is exposed to a solution of a free amine compourdHIR which displaces the NHS

moiety by nucleophillic substitution, forming an amide bond.

EDC/NHS activation of a carboxylic acid terminated monolayer is confirmed by comiglet a

and grazing IR measurements; a comprehensive description is provided in Chapter 4, Section
4.8. Deposition of fluorophores by amide bond formation on activated monolayers is detailed in
Section 4.9, along with characterization data. The procesalsaie performed in reverse; i.e.
activation of a carboxylic acid group in solution and exposure to a monolayer with a free amine

group to form an amide bond and multilayered film. A method to couple a photoactive
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compound to a surface using this apploscdescribed in the future work section of Chapter 4.

SAM Unstable amine-reactive Semi-stable Amide bond
intermidiate amine-reactive formation
NHS-ester
H

\/

Cl
\ %
HN'R

Au Au Au Au

OZ

Figure 3.1: Mechanism for surface amide bond formation.

3.3. Noncovalently Coupled Multilayer Films.

Multilayered films were assembled using rmvalent interactions with SAMs possessing a

metal ion binding site; terminal dicarboxypyridine and carboxylic acid groups are used in the

work presented. A diagram of these two terminal groups complexed to metal ions on a substrate

is shown in Figure 3.2. Following monolayer formation, the SAMXposed to a transition

metal ion solution to form a complex with the binding site of the film. Another organic ligand
with a metal ion complexation site iIis used to

film. This method can be repeated imagerby-layer process to generate films with multiple,
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alternating organic and metal components.

Metal ion complexation is confirmed by contact angle, and CV measurements. Contact angles of
dicarboxypyridine SAMs decrease from ~ 75° to values betwéérand 60°; contact angles of
carboxylic acid SAMs increase from ~ 15° to comparable values to above. Electrochemical
measurements of metal capped films show-blocking behavior to a redox process in solution

(identical to bare gold) which is discudse detail, Chapter 5, Section 5.4.

Figure 3.2: Noncovalent metatligand interactions of a dicarboxypyridine SAM (left)
and a carboxylic acid SAM (right).

It is noted that in nowovalent, multilayered systems the films are charge balanced by the

presence of counter ions on the surface. The diagram in Figure 3.2 is not intended to show the




nature of the metdigand interaction, but rather to simply indieathat the multilayered
assembly proceeds when a metal ion interacts with a surface based binding site. The counter
ions (from the anion of the metal salt used) will bind to the film to balance the charge and result
in a neutral film. For example, whersing Cu(ll) ions it is likely that the carboxylic acid
substrate is deprotonated when the metal ion binds and that a negative counter ion is present at

each binding site to charge balance the film.

Non-covalent interactions were used to fabricate filnat tmderwent wettability changes when
exposed to light and is the subject of Chapter 5. -tdalent assembly was also attempted for
patterned carboxylic acid substrates (described in Chapter 4, Section 4.7) and future

considerations for these systemsaetailed at the end of the chapter.
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CONCLUSIONS

A O0tool box®é approach to surface modification
simple components. Molecular constructs used foras=émbly in this thesis are prepared with

limited synthett effort and can be used for more than one study. Multicomponent films are
assembled using both covalent and scomalent approaches. Covalent coupling is through

amide bond formation and naovalent coupling utilizes metdfjand complexes. Using atse

of molecular building blocks and a stepwise approach to surface functionalization, patterned
systems, systems with switchable wettability, and systems for molecular recognition have been

developed. The following three chapters discuss these applicetidetail.
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4. SURFACE PATTERNING
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INTRODUCTION

This chapter describes a surface patterning method with the goal of generating a photoactive
surface that can be further functionalized in specific regions to form a stable, multilayered film.
The method is designed to be repeatable on the same substrate-stapyitiocess is used to
irradiate and chemically modify one area of a substrate, and then the irradiation and modification
procedure is repeated in another area of the substrate.c&pdterning, and specifically the
ability to sequentially pattern the same substrate, is of interest for generating botanalyte

sensing surfaces and surfaces that control neuronal cell adhesion and'gtowth.

In order to generate a mulinalyte sensing platform, a method to attach multiple sensing
moieties to the same surface based device is needed. -avalyite sensing surfacese of

interest for developing portable blood sensors that detect electrolytes, glucose levels, and protein
levels in the same device. A multilayered patterning method that allows attachment of a
selective sensor to one portion of a deprotected suréexkethen repetition of the process in

other areas will produce substrates with regions that respond to different analytes.

Chemically modified surfaces that control protein adhesion as well as cell attachment and growth
are used for biomedical applicatis®>*?*'* Patterned monolayers that promote cell adhesion in
specific regions of a substrate and thds&t inhibit adhesion in others can be used to create
surface based cellular networi8. Specific interest is in the patterned growth of nerve cells for
reconnecting neuronal networks damaged by injury. By creating patterned surfaces that promote

cell adhesion, an tficial scaffold that directs cell growth can be developed with the potential to
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be implanted in an area of nerve cell damage testablish connectivity for sensation and

function.

SAM patterning techniques to generate mottimponent films havéeen developed to create
chemically modified surfaces that exhibit different properties in defined areas. Approaches to
generating surface patterns include depositing a monolayer in specific regions using
microcontact printing' and dippen nanolithograph{?’ or removal of the monolayer from
specific regions using high energy sources such as dsersd electron beant§’ Other
methods (discussed below) have used phedative compounds deposited as SAMs to generate
surface patterns. SAMs of alkanethiols on gold have been shown to be stable addsoinr

by ultraviolet light at wavelengths as short as 8% *°

Zhaoet al. have demonstrated a method for directing flow patterns inside silica microchannels

using a selassembled monolayer fabricated from a compound with a photolabile protecting

61,130132

group. Nitroveratryloxycarbonyl (NVOC) protecting groups have also been used to

generate quinone, oxyamine, and amine reactive surface sites that can then be further

functionalized:3>13¢

Although these approaches have all successfully patterned surfaces,
drawbacks include: nereactivity of the patterned substrates toward further functionalization,
deprotection steps necessitating solvent to facilitate the photoreaction or to limittiogmpe

reactions, and the inability to further pattern the surfaces.

Previous work in our laboratory has focused on using chemical surface modification for

applications such as controllable switchable wettability, photovoltaics, and selective ion
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sensing*1813*39  However, none of this previous workas involved employing surface
patterning methods. The utility of these types of systems can be expanded by selectively
patterning substrates and attaching specific moieties to defined regions of the same surface. This
chapter describes how phepatternng has been combined with covalent surface coupling to
create multicomponent films. Multilayered film assembly with this method allows a surface to

be patterned multiple times. Advantages of this method over other types of SAM patterning
include: the aitity to achieve complete deprotection of the photolabile group in air in the
absence of solvent, the surface activation step makes the patterned areas reactive toward any
compound with a free amine group, and the multilayered films created are stabkthér f

patterning.

Photolabile head groups can also be used to generate sufficient surface separation for multilayer
film assembly. Following removal of a protecting group, the reactive site spacing is increased
compared to that of a conventionally pmegd monolayer, which allows for attachment of
subsequent functionalities that undergo a conformational change and alter the properties of the

surface, such as wettability. This method will be discussed in detail in the next chapter.

Overall, this syem is a universal method for selectively attaching moieties with free amine
groups to site specific areas of a surface. To demonstrate this patterning method, multiple
fluorophores were attached to the substrate and the resulting patterns imagedovattdince
microscopy. Each modified substrate has also been fully characterized to confirm the step

step multilayered film assembly process.
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RESULTS AND DISCUSSION

4.1. Synthesis of Photolabile Compound.

An alkanethiol, 2nitrobenzylll-mercaptoundecanoate (photolabile compound), withoan
nitrobenzyl protecting group was synthesized and used as the base for multilayered film
assembly. The synthetic procedure used to generate the photolabile compohodrisirs
Scheme 4.1, and synthetic details are described at the end of this chapter. The carboxylic acid
adds to one of the double bonds of the dicyclohexylcarbodiimide (DCC) to form and
o-acylisourea, which is a good leaving group. The alcohol thentadlds carbonyl group of the
o-acylisourea, forming a tetrahedral intermediate which rapidly dissociates into an ester and
dicyclohexylurea. Following workip and purification, the final structure was confirmed iy

and™*C NMR analysis as well as masgectroscopy (all spectra are provided in Appendix A).

Scheme 4.1: Synthesis of@itrobenzyl-11-mercaptoundecanoate (photolabile compound

NO2 HO SH
+ W
OH
o)
DCC, DMAP NO,
- o) SH
CH,Cly, RT \n/\/\/\/\/\/
o)
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4.2. SAM Deposition and Characterization.

Monolayers of the photolabile compound were deposited oml@raleaned gold substrates
from ethanolic solution. Successful SAM formation was confirmed by contact angle, grazing
incidence IR, cyclic voltammetry, and XPS measurements. Although arrangement of the
monolayer is not precisely known, it is expected thportion of the benzyl ring will be exposed

to the surface, making it hydrophobic. SAMs of the photolabile compound produced a sessile
water droplet contact angle of 72 2.0°, consistent with a hydrophobic terminal nitrobenzyl
moiety. A grazingincidence infrared spectrum of the protected monolayer is shown in
Figure4.1. The major IR absorption frequencies of the SAM are also observed in a solid sample
of the photolabile compound examined by ATR (Figure 4.2). ThgdiiEtching signals at 2920

cm™* and 2851 cnl are indicative of a crystalline arrangement of alkyl ch&isThe carbonyl

of the ester moiety is observed at 1744'camd the nitro group of the benzyl ring produces a

strong signal at 1535 c¢hi**

Cyclic voltammetry was used to examine the coverage and organization of the monolayer. A CV
scan of the protected monolayer (in the presence of ferricyanide as the redox probe) is shown in
Figure 4.3, along witlthat of a bare gold surface for comparison. The attenuated current in the

CV, as compared to that of bare gold, is indicative of a well ordered, insulating mortétayer.

XPS analysis was performed on samples following monolayer deposition and the data confirms
successful SAM formation. The XPS spectrum is shown in Figure 4.4 and a summary of the
elements detected, binding energy, and atopaicentages for each element in the SAM is

provided in Table 4.1. The elements observed are expected for a SAM of the photolabile
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compound on gold with the exception of trace amounts of Sn and I, which arise from the
substrate preparation process (flgktss is prepared by floating the glass on a layer of molten tin
which also has iodine present as confirmed by the supplier, Evaporated Metal Films) and are also
seen in an XPS spectrum of the bare substrate (shown in Figure 4.5 and summarized in
Table4.2. The presence of the C, O, and S on the surface is not surprising as gold films
commonly have a very high surface concentration of organic materials. Remaining adsorbed
ethanol from the substrate rinsing step contributes to the C and O signals @bggmespheric

carbon compounds (called adventitious carbon) will also adsorb on any surface exposed to the
air, and sulfur compounds have a very high affinity for gold substrates even at low

concentrations.

From the XPS data, a molecular formulattee monolayer of €0,4gN; 2S¢ (N0t accounting for
hydrogen) is obtained and is consistent with the expected chemical formulg®aNS. The
differences in the measured and expected molecular formulas are due to the depth of the
individual elements in the film; electrons from deeper in the film are more likely to have inelastic
collisions and lose energy prior to reaching the detectorsequently attenuating their signals.

XPS analysis indicates that the film is oxygen and nitrogen rich and sulfur deficient, which is
consistent with the SAM being bonded to the gold through the sulfur and the rest of the molecule
oriented away from # surface, terminating with thenitrobenzyl group. The binding energy

for the nitrogen 1s signal at 406.37 eV indicates that the nitrogen is present as an organic nitro

(C-NO,) group®®
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Figure 4.1: Grazing incidence IR of the photolabile compound deposited as a SAM.
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Figure 4.2: ATR IR spectrum of solid 2nitrobenzyl-11-mercaptoundecanoate
(photolabile compound)
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Figure 4.3: Cyclic voltammogram of a SAM of the photolabile compound,
bare gold is shown for comparison.
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Figure 4.4: XPS Spectrum of SAM of the photolabile compound.
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COUNTS

Table 4.1:

Summary of XPS data for a SAM of the photolabile compound.

XPS Line

BE (eV)

Atom %

C1s

285.00

60.69

Au 4f

84.12

16.49

S2p
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2.02
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487.08

0.41

O 1s
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Figure 4.5: XPS Spectrum of a bare gold substrate.
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Table 4.2: Summary of XPS data for a bare goldurface.

XPS Line BE (eV) Atom %
Cls 285.00 41.09
Au 4f 84.72 48.95
S2p 163.12 2.12
Sn 3d 487.90 0.73
O 1s 532.04 6.74
| 3d5 619.21 0.38

4.3. Photodeprotection.

o-Nitrobenzyl moieties are known as photolabile protecting groups that undergshtype Il
reactions when excited by ultraviolet ligit'** Norrish reactions, first reported by Ronald
George Wreyford Norrish in 1937, are photoreactions that occur in carbonyl compounds and are
divided into two types (I and Iff*> Norrishtype | reactions involve cleavage of aldehydes and
ketones into free radicals. A Norrigype Il photecleavage (occurring in thicase) involves the
excited nitro group abstracting a proton from the methylene carbon on the aromatic ring forming
a radical. The radical is resonance stabilized by anfieenbered ring intermediate which
rapidly decomposes to an aldehyde and a cartwagid. A mechanism for the photocleavage is

shown in Scheme 4.2.
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Scheme 4.2: Norrishtype Il photo-cleavage.
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Absorption spectra were obtained in ethanolic solution for the photolabile compound
(2-nitrobenzytl1-mercaptoundecanoate) priay trradiation. The compound has a maximum
absorbance peak at 257 nm with a shoulder extending out past 350 nm, Figure 4.6. A 300 nm
lamp was chosen for irradiation experiments to remove the protecting group, but not destroy the
monolayer (thiol gold borglcan be oxidized by deep UV light). A Rayonet reactor equipped
with a 30 watt 3000 A (300 nm) mercury lamp was used for all ptiepsotection experiments.

An emission profile of the lamp is provided as Figure 4.7. The profile of the lamp has a broad
emission profile centered slightly above 300 nm, and a number of sharp mercury lines are seen at
higher wavelengths. It is noted that the photomasks used for surface patterning experiments cut
off light below 300 nm and the lamp profile demonstrates sefficemission above 300 nm to
remove the photolabile group. Following irradiation, the absorbance peak at 257 nm is no longer

observed (in solution), indicating a photoreaction has occurred.
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Figure 4.6: Absorbance spectra of the photolabile compound isolution (EtOH).

50



Emission Intensity
= = N N w w B
o (6] o (€] o ($] o

(6]
L1111

0 ] T +r+ ¢+ r ... p n . v T . . . . v v v . T r¢r— ¢+ [ 1t Tt T [ TT
250 270 290 310 330 350 370 390
Wavelength (nm)

Figure 4.7: Emission profile of the 300 nm lamp used for irradiation experiments.

4.4. SAM Photodeprotection.

The structure and phofaroduct of the photolabile compound on a surface is shown in Figure 4.8
(this is an idealized representation for clarity and not a depiction of the molecular arrangement
on the surface). Following deprotection, a carboxylic aadichiteated layer will be exposed to

the surface, providing a reactive site for further functionalization. The surface can also be

deprotected in a pattern, leaving defined areas available for covalent coupling.
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Figure 4.8: Structure and irradiation of the photolabile compound on a surface.

Deprotection of the SAM was confirmed by contact angle, grazing incidence IR, cyclic
voltammetry and XPS. After irradiation and removal of the protecting group, the contact angle
of the surface decreases fronf 222.0° to 16 + 3.0°, consistent with an acid terminus on the
surface'® Contact angles of the deprotected substrate are also pH sensitive; values ofere40
obtained using acidic solution (pH 2) and values of & W6re obtained using basic solution
(pH12). It is noted that these values are constituent with those obtained from a film of
mercaptoundecanoic acid (COOH terminated) when examined withediffpH soilutions, and

it is also noted that the monolayer (unirradiated) shows no pH dependence of contact angle.
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A grazing incidence infrared spectrum of the deprotected monolayer is shown in £&ure
along with the protected monolayer for comparis&emoval of the protecting group following
irradiation is confirmed by comparing the spectra with that of the SAM. The signal at 1535 cm
is no longer observed (the nitro group in the monolayer), indicating thatritieobenzyl group

has been cleavedThe carbonyl stretching frequency shifts from 1744 am 1715cm™ after
irradiation, which is consistent with the original ester being converted to a carboxylic acid.

Stretching frequencies for the alkyl chain are unchanged.
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Figure 4.9: Grazing incidence IR of a SAM (top) and irradiated SAM (bottom)
of the photolabile compound.
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Cyclic voltammetry was used to confirm the presence of a well ordered monolayer following
exposure to ultraviolet light and removal of the protecting grode CV profile for an

irradiated monolayer is shown in Figure 4.10 along with that of bare gold for comparison.
Following irradiation, the surface remains blocking (no current is seen for the redox of

ferricyanide), indicating that the exposure to ultodefi light has not removed the monolayer.
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Figure 4.10: Cyclic voltammogram of the deprotected monolayer,
bare gold is shown for comparision.

After exposing the monolayer to UV light, samples werexamined by XPS to confirm
removal of the protémg group. The XPS spectrum of an irradiated SAM is shown in

Figure4.11 and a summary of the elements detected, binding energy, and atomic percentages for
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each element is provided in Table 4.3. It is evident from the XPS data that the irradiation
remowved the o-nitrobenzyl protecting group from the monolayer. A complete absence of
nitrogen is observed in the XPS spectrum of the irradiated SAM, and also the atomic percentages
of carbon and oxygen have decreased compared to the monolayer as expectedh#ue t
cleavage of the protecting group as a nitrobenzyl aldehyde. Once again, the trace amounts of Sn

and | arise from the underlying substrate.
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Figure 4.11: XPS of an irradiated SAM of the photolabile compound.
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Table 4.3: Summary of XPS data for a SAM of the photolabile
compound following irradiation.

XPS Line BE (eV) Atom %
C1s 285.00 56.59
Au 4f 84.31 28.00
S 2p 162.81 2.76
Sn 3d 487.00 0.43
O 1s 532.87 12.05
| 3d5 619.10 0.17

4.5. Diffraction.

Initial patterning experiments resulted in significant distortion due to diffraction.
Photolithography can be divided into three types: contact, proximity, and proj€étidn.In

contact lithography the photomask is in firm contact with the substrate that is being patterned.
Flexible photomasks are used along with mask aligners and vacuum systems to tightly adhere the
photomask tahe substrate, resulting in a 1:1 pattern transfer that is not limited by diffraction.
Proximity lithography involves having the mask close to the substrate (separated by 2 to 20
microns). The pattern is once again transferred in a 1:1 ratio, howessdiete diffraction

limits resolution. This type of diffraction occurs when light passes through a small aperture and
bends, resulting in a diffraction pattern that differs in size and shape from the aperture in the
nearfield (in the range of the sepéian distance in proximity lithography'*° Projection
lithography involves the use of optics to project a pattern onto the substrate; the mask is not in

contact with the surfacand the transfer ratio is controlled by the optical setup.
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For this work, a glass photomask with a chrome coating that provides the pattern was used.
Placing the photomask on top of the SAM modified substrate for giaiterning results in
proximity lithography, as the separation has micron dimensions. The mask and substrate are
metal coated glass, both hard surfaces, and a separation of micron dimensions is expected given
any surface imperfections or small particulate contaminants trapped withimehace. Near

field diffraction becomes a problem when trying to obtain precise patterned dimefi8iohs.
diagram of the effect of diffraction on the resolution of a patterned surface is shown in Figure

4.121%6

Light Source

w Photomask

Surface

Light Intensity
at Surface

Figure 4.12: Effect of nearfield diffraction. 14
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Diffraction distorts the surface patterns which results in a higher degree of intensity at the edges
of the pattern, as well as light exposure outside the dimensions of the mask, as seen in the plot in
Figure 4.12. The greater the separation between #s& and surface, the more diminished the
quality of the pattern. Experiments involved irradiating the surface in solution with the
photomask placed on top. This method resulted in a high degree of diffraction due to the
separation between the mask andhsttate and the patterns generated did not maintain the
features of the photomask. For example, a @@0square pattern was distorted; the overall
dimensions of the pattern increased resulting in features approximatgiy 18rger than the

mask when obseed by microscopy.

To limit nearfield diffraction, a fixture was designed to clamp the mask to the substrate in order
to decrease the separation distance. It was also determined that the deprotection could be
performed in the absence of solvent (freontact angle and IR data), meaning the interface
between the mask and substrate could be minimized. Although it is still technically proximity
lithography, the minimization of the space between the mask and substrate resulted in pattern

transfer with aimited amount of distortion due to diffraction.

4.6. Surface Patterning.

SAMs of the photolabile compound were irradiated through a photomask to generate patterned
surfaces. A SAM modified substrate was patterned by clamping a photomask (100 pm x 100 um
squares) to the surface, and irradiating at 300 nm through the mask. After irradiation the
resulting surface pattern can be observed as the protected and deprotected regions have a

significant difference in wettability. By coating the surface with edthand allowing a portion
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to evaporate, a droplet pattern is observed on the substrate; an optical micrograph is shown in

Figure 4.13.

Figure 4.13: Optical micrograph of ethanol droplets on a surface modified with a SAM
of the photolabile compound after irradiation at 300 nm through a 100 pm
square photomask (shown in inset), scale bar represents 200 pm.

The wettability difference between irradiated and unirradiated areas of the same surface was also
demonstrated by ating aqueous dye solutions on the surfaces and observing that the aqueous
solution is confined to the hydrophilic regions. Simple photomasks were prepared using black

electrical tape (2 mm wide strips and 2 mm wide -cuits of the letters WPI ) placedh glass

slides. SAMs of the photolabile compound were prepared on gold substrates and irradiated
through these photomasks. Application of polar solutions (aqueous solutions of fluorescein,

coumarin, and rose bengal) and famiar solvent (hexadecane)ttte patterned surface using a
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pipette demonstrates the wettability difference as shown in the images in Figure 4.14. The
agqueous fluorescent dyes remain in the irradiated (hydrophilic) regions and the hexadecane

remains in the unirradiated (hydrophobiegions.

Figure 4.14: Images of surfaces patterned through masks with catuts of the letters WPI
(left, 2 mm dimensions), and 2 mm stripes (right), following application of aqueous dye to
the irradiated regions and hexadecane to the unirradiated surrounding areasThe dye
solutions (fluorescein- green, coumarin- blue, and rose bengat red/orange)
demonstrate the areas of the substrate that have been irradiated.

4.7. NonCovalent Assembly.

The photolabile compound used in this study leaves a carboxyideroninus on the substrate
after removal of the protecting group. Previous work has demonstrated the ability to fabricate
multilayered systems based on meigdnd interactions in thin films and metal ions have been
shown to form complexes with carbdixy acid terminated monolayet§>'*° Patterned
multilayered film assembly was attempted using-nowalent interactions. A series of metal
ions were tested with this system including: Ag(l), Cu(ll), Co(ll), Ni(ll), Zn(11), Hg(ll), Pb(ll),

Cr(l1), Fe(ll), Ru(ln, Eu(ll), and Pb(lV). Metal ions were selected to test differences in

oxidation state and ionic radius on film assembly. For multilayered films to be constructed non
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covalently, the metal ion must form a complex with the deprotected areas, but nat widra

the remaining protected areas of the surface.

Films of the unirradiated SAM were exposed to metal ions to determine if any changes occurred
based on the characterization data. Although it was not possible to determine the nature of the
interadion, it was discovered that exposure to metal ions changes properties of the protected
film. For example, treating the unirradiated SAM with Ag(l), Cu(ll), Zn(Il), Hg(ll), Fe(lll), or
Ru(lll) resulted in films that were no longer blocking when examine@¥. Certain metal ions

[Cu(ll), Fe(lll), and Ru(lll)] destroyed patterned SAMs as evidenced by wettability tests (a
droplet pattern was not observed on the substrate after metal ion exposure). Exposure to metal
ions does not remove the photolabile grdthe nitro peak was observed by IR after exposure),

so the ions are either specifically or rgecifically interacting with the protected film, which is

a disadvantage for multilayered assembly.

Lead (Pb) ions seemed promising in that patterns weneel after exposure, and the
electrochemical properties of the film were unchanged (films remained blocking). XPS was
performed on an unirradiated SAM that had been exposed to lead, which showed that lead is
present on the substrate. It was not posdibldetermine how lead ions were bonded to the film
and if the interaction was specific (complexation) or-spacific (deposition or penetration).
Because the exposure to metal ions affects the unirradiated SAM, covalent assembly was

investigated to gearate patterned multilayered films.
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4.8. Surface Activation.

As described in Chapter 3, Section 3.2, SAMs with carboxylic acid terminal groups are activated
with EDC/NHS toward amide bond formatibH**® Surface activation was confirmed by
characterization on slides that hlagen irradiated completely (no photomask used) and treated
with EDC/NHS. EDC/NHS activated surfaces demonstrated an increase in hydrophobicity,
resulting in a contact angle of 44.8° + 2.0°. This value is comparable to measurements taken on
other carboxyt acid terminated films activated with EDC/NHS, and the decrease in wettability

is indicative of the carboxylate terminated surface being replaced with a NHS ester functionality.

Grazing incidence IR shows the presence of NHS on the activated samtheéso confirms that
treatment with EDC/NHS does not affect the unirradiated surface. IR spectra of surfaces
exposed to EDC/NHS are shown in Figdrg5 (SAM) and Figure 4.16 (irradiated SAM).
Analysis of the protected SAM exposed to EDC/NHS shows tthetcarbonyl of the ester
(1743cm?) and the nitro group (1535 & are unchanged compared to the monolayer (see
Figure 4.1), confirming that the protected monolayer is present on the surface. The only
difference in the IR spectra between the SAM &a@3AM exposed to EDC/NHS is an increase

in the CH stretching frequencies of the alkyl chain. The higher wavenumbers for these signals
are indicative of a liquidike arrangement of the alkyl chains on the surface. This observation is
due to the SAM being exposed to water during EDC/NHS activationy Wwatepenetrated the

film and caused a reorientation of the alkyl chains, however a SAM of the photolabile compound

is still present.
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Figure 4.15: Grazing incidence IR of the photolabile SAM (unirradiated)
exposed to EDC/NHS.

IR spectra of the deptected SAM exposed to EDC/NHS demonstrate that the surface has been
activated (Figure 4.16). The signal at 1715 gpnesent for the deprotected monolayer is not
observed, indicating that a carboxylic acid is no longer present, as expected if the laggboxy
has formed an ester bond. The three peaks and their relative intensities eti181889 cnf,

and 1744 cil are indicative of NHS attachment, consistent with previously published
results’>**® Exact assignment of these signals to the different carbonyl stretching modes of the
NHS functionality § controversial as both the highest and lowest frequency signals have each
been assigned to the ester carbonyl stretch in different rép6te. The stronger absorption at
1744 cmi' is most likely due to the carbonyl stretching of the NHS ester, as an ester signal at

1744 crmt was observed for the monolayer. The signal at 1646 leas been attributed to the
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carbonyl stretch of ice amounts of urea on the surface (the product of NHS displacing EDC in
the activation step), but can also be attributed to absorbed water as the substrates were
thoroughly rinsed after activatidn.As in the unirradiated monolayer, the £stretching signals

of the alkyl chain have incread in frequency due to reorganization during the activation step.
Grazing incidence IR analysis demonstrates successful surface activation of the deprotected

monolayer, and also that the protected areas of the surface are not affected.

100.10 5

Irradiated SAM + EDC/NHS

100.05

100.00 1

99.95 3
S
. 1816, 1789

99.90

99.85
1646

% Reflectance

99.80

99.75 1
99.70 ] i (

] 2925
99.65 1744

9Ot
3200 2700 2200 1700 1200

Wavenumber (crf)

Figure 4.16: Grazing incidence IR of the irradiated SAM activated with EDC/NHS.

Cyclic voltammetry of NHS activated surfaces confirms that a SAM remains on the substrate
after EDC/NHS exposure; the substrate remains blocking to a redox processian $éligure
4.17). The increase in current in comparison to the monolayer seen after the activation step

indicates that slow electron penetration through the layer is occurring (see more detailed

64



explanation below in discussion of fluorophore attachment)s observation is consistent with

the grazing IR data that showed a less crystalline (likej arrangement of the monolayer

after activation.
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Figure 4.17: CV analysis of a SAM activated with EDC/NHS.

4.9. Fluorophore Attachment.

To demonstrie multilayered surface patterning, two commercially available compounds were
used to attach to the patterned surfaces, rhodamine tati(®9-(2-carboxyphenyh3H-
xanthenr3-iminium chloride) and cresyl violet 670-gnino5H-benzo[a]phenoxazib-iminium
perchlorate). Chemical structures of rhodamine 110 and cresyl violet 670 are shown in

Figure4.18; both fluorophores offer two possible sites for amide bond formation due to
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resonance through the aromatic system (the charged group can be at eithegherdadécule).

In ethanolic solution (used for deposition of the fluorophores) the charged nitrogen shown in the
chemical structure is likely deprotonated resulting in a neutral compound with one free primary
amine group. These compounds are fluorestedifferent areas of the spectrum (rhodamine

110 in the green, and cresyl violet 670 in the red), and can be used to provide visual evidence of
patterned multilayered film assembly. Absorption and fluorescence emission spectra for the two
fluorophores m solution (EtOH) are provided in Figure 4.19. The maximum emission intensity
differs by more than 100 nm and the majority of the emission for each fluorophore lies within the
appropriate band pass filter. It is also noted that the absorbance of eaoplfare matches

with the profile of each of the respective excitation filter.

COOH

+
H,N 0 NH, )
‘ ) H,N 0 NH,
P Cl _
\C[ ) Clo,
N

Figure 4.18: Chemical structures of rhodamine 110 (left) and cresyl violet 670 (right).

66



—Rhodamine 110 Absorptiol

—Cresyl Violet 670 Absorption

- = Rhodamine 110 Emissio

- — Cresyl Violet 670 Emissior

A 0\
5 :
5 2
3 G
300 400 500 600 700

Wavelength (nm)

Figure 4.19: Absorption and emission spectra (normalized)
of rhodamine 110and cresyl violet 670.

Amide bond formation and fluorescent ligand attachment was confirmed on substrates that had
been irradiated completely (no photomask), activated with EDC/NHS, and exposed to solutions
of the fluorophores to form a multilayeredinii Contact angles for rhodamine 110
functionalized surfaces were measured to be 48.4° + 2.5°, and contact angles for cresyl violet
670 were found to be 49.2° + 3.0°. Analogous values for the films are expected since each
fluorophore has a similar struce, and the angles are comparable to those measured for
monolayers with an amine terminated functionality (#@.0°). Formation of an amide bond at

one end of each fluorophore results in the free amine group at the other end being exposed to the

surfae.
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Grazing incidence IR also confirms the presence of the fluorophores on the substrate. IR spectra
for the activated monolayer exposed to rhodamine 110 and cresyl violet 670 are shown in
Figures 4.20 and 4.21, respectively. IR spectra for both fluoreghinctionalized films show a

broad N-H stretch between 3200 éhand 350@m™, centered at 3370 ¢hrand 3329 cril for
rhodamine 110 and cresyl violet 670 films, respectively. These signals are in the same region as
the N-H stretching peaks observadIR analysis of the bulk compounds, shown in Figures 4.22

and 4.23. For each film the-N absorption is broad due to the multiple stretching modes
present; each surface has a free amine as well as an amide bond contributing to the absorption at

these fequencies.

A new signal, not present in the IR spectra of either the activated substrate or the solid samples,
is observed at 1688 chfor surfaces exposed to rhodamine 110 and at 169Fomsurfaces
exposed to cresyl violet 670. These absorptiosasaasigned to the C=0 stretch of the amide
bond and are consistent with the IR absorption for carbonyls of an analide functionality (between
1680 cm' and 1700 cn),**! now present on each fluorophore modified surface. Each spectra
also shows absorptions at approximately 1640 @nd 159%m™ (observed at the same
locations in the solid compounds), and are due to eithdr @ aromaticC=C vibrations. Both
fluorophore modified films retain a signal at 1745%rindicating that an amide bond has not
formed at each reactive surface site. This observation is not surprising as both fluorophores are
composed of multiple rings with considéie bulk compared to the activated surface sites, and
steric hindrance limits the nucleophillic substitution reaction from occurring at each location.

The carbonyl stretch at 1745 ¢nis attributed to either remaining NHS ester moieties or
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hydrogen boneld carboxyl groups (if the ester has hydrolyzed), and retention of this signal has
been observed in reports of amide bond formation using this methiods noted that surfaces
functionalized with rhodamine 110 have a broad absorption in the entire region between 1670
cm* and 1750 cit. Rhodamine 110 also has a carboxylic acid functionality that will absorb in

this area which is seen at 1703tin the spectrum of the solid sample.

Cyclic voltammograms of each functionalized surface are shown in Figures 4.24 and 4.25 along
with a profle of a bare gold substrate for comparison. CVs confirm the presence of a
monolayer, as evidenced by the reduced current compared to the profile of bare gold. The
increase in current, in comparison to the monolayer, is because the multilayered fitras n
ordered as the monolayer; slow electron penetration through the film is occurring and this
behavior is observed in other multilayered syst&fig®**” Bulky terminal groups bound to the

film likely decrease the order of the system as the film reorganizes once the multilayered film
forms; in effect, the multilayered system is r@otvell organized arrangement of simple alkyl
chains, but a more disorganized, loosely packed arrangement. These electrochemical
observations are in agreement with the grazing IR data that indicates dikguadrangement of

the backbone chain upon rtildyered assembly.
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Figure 4.20: Grazing incidence IR of activated monolayer after

reaction with rhodamine 110.
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Figure 4.21: Grazing incidence IR of activated monolayer after

reaction with cresyl violet 670.
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Figure 4.22: ATR IR spectrum ofsolid rhodamine 110.
100.1 {
1 Cresyl Violet 670 (solid)
100.0 1
99.9 1
99.8 ] 2
99.7 13457, 3418
] N
] 3240
99.6 1 ) J
99.5 ] 3355
99.4 /
: 1645 |
] 1582
993 T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000

Wavenumber (crf)

Figure 4.23: ATR IR spectrum of solid cresyl violet 670.
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Figure 4.24: CV analysis of rhodamine 110 covalently coupled to a SAM.
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Figure 4.25: CV analysis of cresyl violet 670 covalently coupled to a SAM.
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4.10. Pattern Imaigg.

The monolayer was irradiated with a photomask (100 pm x 100 pum squares or 100 pm lines
separated by 150 um), activated with EDC/NHS, and exposed to one of the fluorophores. An
amine group of the fluorophore reacts with the activated carboxylic adidia amide bond is
formed on the surface in a pattern. Metals, including gold, quench fluorescence by an energy
transfer procesS**?and direct observation of the surfaces by fluorescence microscopy resulted
in no patterns being detected. A technique was devised to remove the pattern from the gold
surface so that images could be obtained. Transp8genth tape was applied to the surface,
allowed to incubate at elevated temperature to facilitate transfer, and then removed and adhered
to a glass slide for observation. This-bff technique effectively transferred the fluorescent
pattern from the gdl surface to eliminate fluorescence quenching by the metal substrate. A
diagram of the stepy-step multilayered film assembly process and the-tegesfer method for

pattern observation is shown in Figure 4.26.

It is noted that the tape transfer method did not remove the entire film (or entire fluorophore
layer as depicted in the diagram) from the surface as patterns were still observed (by wettability
differences) after application and removal of tape from tistsate. Also, multiple tape transfer
steps on the same substrate resulted in fluorescent patterns still observed; indicating only a
portion of the film is removed. Control experiments (described in detail below) coupled with the
characterization dataif bulk films (described above) demonstrate that the observed patterns are
not due to nosspecific deposition of the fluorophores on the substrate, but rather indicative of a
specifically bound, multilayered film. It is also noted that simply applyingeeepof tape to a

patterned substrate and removing it resulted in no transfer as no fluorescence pattern was
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observed by microscopy. Successful transfer required incubation at elevated temperature in

order to remove a portion of the multilayered film diservation.

Patterns were observed with a fluorescence microscope using different excitation and emission
filters for each fluorophore, and images of square and line arrays of each fluorophore are shown
in Figure 4.27. The tape transfer method tssl a distortion of the patterns and contributes

micron sized contaminants seen in the images.
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Figure 4.26: Diagram of multilayered film assembly process and I#bff method
for fluorescent pattern observation.




Figure 4.27: Fluorescence microscopy images of surfaces patterned with 100 um squares
(top) and 100 pum lines separated by 150 um spaces (bottom), images on the left
are of rhodamine 110 (green) and images on the right are cresyl violet 670 (red).
Inset — reduced scale images of the photomasks used to pattern the surfaces.
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Control experiments including the SAM, the irradiated SAM, EDC/NHS activated surfaces, and
surfaces exposed to fluorophores with no EDC/NHS activation, imaged using thens#imes,

result in no patterns being observed, indicating the fluorescent compound is coupled to the
surface through an amide bond between the carboxyl group of the film and the amine group of
the fluorophore. Patterned surfaces were also treated bycataniin ethanol, washing with

dilute acid and base (0.01 M HCI and 0.01 M NaOH), salt (0.1 M3pl@hd detergent (0.1 M

sodium dodecylsulfate, SDS). Patterns are observed after these surface treatments, supporting

the formation of a covalently couplestable multilayered film.

4.11. Multiple Surface Patterns.

These substrates can be further patterned. By taking the patterned surface, as described above,
and reirradiating after rotating the photomask 45 degrees to the original, a second array of
squares is added to the surface. The surface is activated with EDC/NHS and exposed to the
fluorophore. Imaging reveals a second array of squares at 45 degrees to the original, as seen in
Figure 4.28. These results demonstrate that the multilayered fédtakke to further patterning,

and that this method is capable of generating films with different areas of functionality.

Patterning experiments were also used to attach multiple fluorophores to the same substrate. A
SAM was deposited, deprotected hvd square array mask, activated, and exposed to rhodamine
110. The substrate was-ireadiated (with the photomask at 45 degrees to the original),
activated, and exposed to cresyl violet 670. Fluorescence microscopy showeadored,

dual array onhe surface. Observation with a green emission filter reveals the initial pattern of

the rhodamine dye, and observation in the same location with a red emission filter shows a
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diagonal pattern of the cresyl violet dye, Figure 4.29. It is noted that ddenmine compound

emits light in the wavelength range of the red filter (see Figure 4.19), and is the reason a second
dim red square array is seen in the image on the right in Figure 4.29. A combined red/green
image of the patterned surface is shown guFe 4.30. The dual patterned array demonstrates

the multilayered approach to surface patterning.

Figure 4.28: Dual square arrays of rhodamine 110 (left) and cresyl violet 670 (right).
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Figure 4.29: Dual patterned surface of rhodamine 118nd cresyl violet 670 observed in the
same location with a green filter (left) and a red filter (right).

Figure 4.30: Combined red/green image of a dual patterned surface.
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CONCLUSIONS

A method for fabricating patterned surfaces has been developeahiiyning photepatterning

and covalent interactions. Removal of a photolabile portion of aasséimbled monolayer
exposes a reactive site, which can be further functionalized by forming amide bonds. This
method of multilayered surface patterning is destrated by incorporating fluorophores into the
assembly structure, allowing for pattern observation and imaging using fluorescence microscopy.
Further patterning has shown that the film is stable and that the process can be repeated in other
regions ofthe surface. The multilayered assembly scheme described can generate multi
component surfaces with sigpecific areas of chemical functionality with potential utility in
biological sensors, directed cell adhesion, switchable surface wettability, amdnatiescale

surface applications.
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FUTURE WORK

4.12. Photopatterning using Silane Linking Chemistry.

Photopatterning of optically transparent substrates including glass, polymers, and indium tin
oxide (ITO) is useful for many biological applicatioimscluding directed cell adhesidf®
Microcontact printing has been used to pattern these types of substrates, but limitations including
resolution (approximately m minimum dimensions) and reproducibility of the patterns that
are transferred are disadvantages of this techrifquehotopatterning overcomes these issues
because a complete monolayer is formed (reproducibly) in the first step, and patterning by
deprotection ba photolabile group occurs in the second step (the resolution is controlled by the
photolithographic setup). The resolution for photolithography is sub micron (to ~ 300 nm,
depending on the optical setup used) and the increased resolution comparedotontact
printing is advantageous for studies of neuronal axons, which are approximagety i
diameter. Silane chemistry is used to form SAMs on silica and metal oxide substratemd

incorporation of a photolabile protecting group into the silane SAM facilitates photopatterning.

Two approaches have been itied to pattern optically transparent substrates. The first is to
attach a chorosilane with a nitrobenzyl protecting group-nitfdbenzyill-
(trichlorosilyl)undecanoate) to a surface. Chlorosilanes polymerize upon standing, and must be
prepared immedtely prior to surface depositidi® A stable compound with a free double
bond, 2nitrobenzylundeeclO-enoate, can be prepared andnwerted to a chlorosilane
immediately prior to SAM deposition, which avoids polymerization. The conversion involves

treating the alkene with trichlorosilane in the presence of a catalyst, resulting in addition across
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the double bon&® Chemial structures of the alkene and chlorosilane are shown in Figures
4.31 and 4.32. Both compounds have been prepared and the synthetic procedures are described
in detail at the end of this chapter. Preliminary attempts to deposit and pattern SAMs of the

chlorosilane on glass have been unsuccessful (discussed below).
NO,
O
W
O

Figure 4.31: Chemical structure of 2nitrobenzyl-undec10-enoate.

NO,

OWSiCI3

O
Figure 4.32: Chemical structure of 2nitrobenzyl-11-(trichlorosilyl)undecanoate.
An alternative approach to generating patterned surfaces using silane chemistry involves

multilayered films formed by covalent surface reactions. The multilayered film is assembled on

the substrate by first using aminopropyltriethoxysilane (forming ameutd@rminated surface),
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and then exposing the monolayer to a compound with a carboxyl group to from an amide
bond!*#*** Carbodiimide chemistry activates the lmaxylic acid, analogous to the multilayered

film assembly strategy described previously. Aminopropyltriethoxysilane has been used as a
base layer on glass, or other substrates such as quartz or ITO, for multilayerel fikns.
compound with a nitrobenzyl protecting group and a free carboxylic aci@-ditrobenzyloxy}
11-oxowndecanoic acid, has been identified and synthesized. The chemical structure of this
compound is shown in Figure 4.33, and a synthetic procedure is described in detail at the end of
this chapter. As with the trichlorosilane, preliminary attempts patterfaces using this

compound were unsuccessful.

Figure 4.33: Structure of 11(2-nitrobenzyloxy)-11-oxoundecanoic acid.

SAM deposition conditions will be optimized for this system. Silanes are not dynamic on a
surface like thiols are on gold, and fong highly ordered films that can be further patterned is

not analogou$> Variations in deposition conditions including solveritaree concentration,
incubation time, temperature, as well as methods for substrate preparation will be investigated.
Exposure of piranha cleaned glass substrates to a 5 mM solution of the trichlorosilane in toluene
for 18 hours resulted in sessile dragntact angles of 70° to 80°, similar to those obtained for

SAMs on gold. Irradiation with 300 nm light for two hours resulted in negligible changes in the
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contact angle (a hydrophilic surface was not generated) that would be observed if a carboxylic
acid terminus was present. Experiments where SAMs were deposited from both toluene and
hexadecane for periods between 1 and 6 hours (1 hour intervals) also resulted in substrates that
showed no change in contact angle following irradiation. No patterns Wwseeved (based on
wettability differences) when irradiating these substrates through & 100um square array
photomask. It is unclear whether the lack of change in wettability is due to the monolayer
deposition step or the deprotection step. Future work includes testing different deposition
conditions, as described above, and then furtharacterizing the monolayer by XPS in addition

to contact angle measurements, to confirm SAM formation prior to deprotection.

4.13. Photoprotected Amine Terminated Surface.

The ability to generate reactive surface groups in patterns on a substrateralltircomponent

films to be assembled in specific regions. This chapter discusses using photolabile protecting
groups to prepare carboxyl terminated functionalities that can be further modified through
covalent coupling. A method that forms patternedna functionalities on a substrate is of
interest for further surface modification. Amine terminated surfaces are used as a base layer for
multilayered film deposition through the formation of amide bonds to moieties with free
carboxyl groups that areréit activated in solutioh***®* Severalreports have detailed using
nitroveratryloxycarbonyl (NVOC) protecting groups to generate different types of amine reactive
surface sites that can be further functionaliZ&d®® NVOC protecting groups are used in
organic synthesis as a way to generate free amines by photocleavage using ultraviolet light
(350nm)}***** NVOC protecting groups undergo Norrisipe Il photoreactions converting the

o-nitrobenzyl alcohol derivative into ao-nitrosobenzaldehyde, the mechanism of which is
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de<ribed in section 4.3. Although these reports have demonstrated successful surface
patterning, a method for generating reactive amine sites on gold followed by coupling to free

carboxyl groups in specific patters has not been described.

A compound witha NVOC protected amine group and a thiol linker has been identified. The
structure of this compound, 4¢smethoxy2-nitrobenzyt10-mercaptodecylcarbamate is shown

in Figure 4.34. After SAM deposition, irradiation and removal of the protecting grolip wil
reveal an amine group capable of forming an amide bond with an activated carboxylic acid, and
result in a multilayered film. Future work includes synthesizing the target compound, depositing

the target as a SAM, characterizing the film, and irradiaimhremoval of the protecting group.

OCHj
HsCO

H
\”/ SH
O

NO,

Figure 4.34: Structure of 4,5dimethoxy-2-nitrobenzyl-10-mercaptodecylcarbamate.

4.14. Directed Cell Adhesion using Photopatterning.
Modified substrates have been investigated for studies of controlledsltatie, position,
function, and proliferatiod*°"**"®* Directed nerve cell growth on surfaces is of interest in

constructing neuronal networf&>®126:16264  geltassembled monolayers with photolabile
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protecting groups can be used to generate patterned surfaces for cell atfHé&sion.
Photopatterned SAMs can be fabricated with specific areas thatoforell adhesion and
growth, and other areas that inhibit cell attachment. A mtép process using a photolabile
SAM that leaves a reactive surface site after irradiation allows for cell promoting regions to be
added to the substrate in the deprowctzeas, and can also be used to add multiple

functionalities following subsequent deprotection steps.

Preliminary work has demonstrated patterned neuronal cell growth using this method. A SAM
of a photolabile compound {@trobenzyll1-mercaptoundecantg was deposited on a gold
substrate, and deprotected in a pattern of 100 pum lines separated by 150 um spaces. The
carboxylic acid group was activated (as described previously) and the surface was exposed to
ethylenediamine to convert the carboxylic aedninated surface to an amine terminated surface
(experiments have demonstrated that neuronal cells preferentially adhere to amine séitfaces).
The patterned substrates were incubated with nerve cells using the Neurgscedefine,

cultured in RPMI medium (devabed by Mooreet al. at Roswell Park Memorial Institute) with

15 % serum, and differentiated with nerve growth factor (NGF). After five days of incubation,
images were obtained that showed the cells adhering and growing in a pattern on the substrate
(Figure 4.35). The cdl preferred to grow on the portion of the substrate that had been
deprotected and converted to an amine termination (based on the size of the pattern); this was
confirmed by experiments using substrates that were either completely protected or deprotected

(no pattern used).

85



Figure 4.35: Brightfield microscopy image (2X lens) of cell growth on a patterned SAM,
inset is a reduced scale image of the photomask used to pattern the surface
(100 pum lines, cell adhesive; 150 um spaces, cell resistive), thdesbar represents
250 um, (center to center separation of the deprotected regions).

Future work includes determining the optimum surface chemistry for cell attachment; amine
terminal groups were selected for this preliminary experiment because neaveriseen shown

to preferentially adhere to amine substraf@sOther surfaces chemistries, such as polyly3ine,

have also been shown to promote nerve cell adhesion, and a comprehensive study of substrates
patterned with different functionalities (NHCOOH, OH, CH, etc) will determine the optimum

suiface chemistry for this cell line (Neuroscreen 1). Different surface chemistries are
investigated by pattering the SAM, incubating with neuronal cells, and monitoring cell growth

by taking images of the substrate each day. Comparisons between substratage based on

the number of cells attached to the surface and how well defined the patterns of cells are. A
second deprotection step, followed by converting the remainder of the substrate to a functionality

that inhibits cell attachment, will improvpatterning. For example, substrates coated with
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polyethylene glycol (PEG) inhibit cell adhesitynand a substrate that contains both adhesive

(amire) and resistive areas (PEG) will direct nerve cell growth in a pattern.

4.15. NorCovalent Patterning.

As previously described in section 4.7, multilayered patterning usingoalent interactions

was investigated. A diagram of the multilayered asdgmrocess is shown in Figure 4.36. A

gold substrate (1) is modified with a SAM ofnirobenzylll-undecanoate (2), which is

irradiated through a photomask (3) resulting in a patterned substrate that has both protected and
deprotected areas (4). Thepdatected carboxylic acid portion forms a complex with metal ions

(5) and is O6cappedd with another organic |igdg
patterned. In order for this assembly process to be feasible, the metal ions must complex with

the deprotected regions and not interact with the unpatterned areas of the substrate (step 5 in

Figure 4.36).

Characterization results for SAMs of-nirobenzytll-mercaptoundecanoate (unirradiated)
demonstrated that metal ion exposure produced irreversible changes in the films that were not
consistent from one metal ion to another. For example, Cu(ll) expossauted in the
electrochemical behavior of the film changing from blocking to-blmeking to a redox process

in solution (ferricyanide), and patterned SAMs incubated in a Cu(ll) solution for times as short
as 1 minute were no longer patterned based otebilty differences. Exposing unirradiated
SAMs to Pb(IV) ions caused no changes in the blocking nature of the film when examined by
CV, but XPS analysis showed Pb ions present in the film. A list of all metal ions investigated is

provided in section 4. The type of interaction between metal ions and the protected regions of
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the surface was not determined, and no correlation between metal ion oxidation state or ionic
radius and film properties was identified. It may be a specific interaction sudmasegation

with either the nitro group or carbonyl of the ester (or a combination of the two), or-a non
specific deposition or penetration of the metal ion into the film. In either case, future work

includes determining the of type interaction in orderfabricate multilayered films nen

covalently.
— SAM o
Au Au
0] (2)
[rradiats
b L
Phatomask — ——
SAM —> Sk —

Metal
— S

Figure 4.36: Noncovalent multilayered assembly process.
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High resolution XPS analysis provides information that cannot be determined from contact
angle, IR, and CV measuremefitsThis information includes the overall chemical composition

of the film, the oxidation state of the metal, and the bonding occurring in the system. For
example if the metal ion is forming a specific interaction with the carbonyl of the protected
SAM, changes in the binding energy of the carbon and oxygen atoms present in the film will be
observed. Analysis of high resolution spectra will allow for these changes to be quantified and
provide a model for the bonding interactions in the film. A comprehenskamination of
different metal ions (such as those described in section 4.7) exposed to both protected and
deprotected SAMs by XPS may determine if certain metal ions can be used for multilayered
assembly with this system, and also discern why spec#talnons cause the different changes

in the film described above.
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EXPERIMENTAL DETAILS

Materials.

All chemicals and solvents were reagent grade or better, from Aldrich (Milwaukee, WI) or Alfa
Aesar (Ward Hill, MA), and used as received unless otherwated. Rhodamine 110 from
Acros Organics (Geel, Belgium). Cresyl violet 670 from Exciton (Dayton, OH). Ethanol, 200
proof, absolute, for all experiments from Pharmco Products (Brookfield, CT). Silica geh,40

60 A, for column chromatography fromild Baker (Phillipsburg, NJ). Benized water from a

Millipore (Billerica, MA) Synergy UV system.

Instrumental Analysis.

NMR spectra were obtained on either a Bruker (Billerica, MA) Avance 400 MHz spectrometer
or a Bruker Avance lll 500 MHz spectrometand referenced to tetramethylsilane (TMS).
Spectra were recorded at 400 MHz or 500 MHZ'fband 100 MHz or 125 MHz far’C, and all
chemical shifts §) are reported in ppm. Mass spectrometry was performed on a Waters
(Milford, MA) Micromass model ZMD spectrometer using electrospray ionization &@i58
acetonitrile:water solvent flow. Attenuated total reflectance (ATR) infrared spectroscopy
experimats were carried out on a Thermo Scientific (Waltham, MA) Nicolet®model 6700
spectrometer using a liquid nitrogen cooled, mercury cadmium telluride (MCT) detector.
UV/Visible spectra were recorded on a Perkin Elrf\ellesley, MA) Lambda 35 UV/Vis
double beam spectrometer, and a baseline correction (selvemivent) was performed prior to
each experiment. Fluorescence measurements were performed on a Perkin EImer model LS50B

Luminescence Spectrometer. Transmission (bifighd) optical microsopy was performed on
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a Fisher (Pittsburg, PA) Micromaster optical microscope with an integrated digital camera

coupled to a computer running Micron (v 1.01) software.

Preparation of SelAssembled Monolayers.

Gold surfaces were obtained commercially frevaporated Metal Films (EMF) (Ithaca, NY).

The float glass slides (25 mm x 75 mm x 1 mm) are coated with 50 A of a chromium adhesion
layer followed by 1000 A of gold. Prior to monolayer formation, the slides were cut to size
(2cm x 1 cm for most expements) and cleaned by immersion in a piranha solution (70 %
concentrated sulfuric acid, 30 % concentrated hydrogen peroxide)°&t 8@ 10 minutes. The
slides were then washed thoroughly with distilled water, followed by absolute ethanol, and then
dried in a stream of nitrogen. The cleaned slides were immediately placed in the monolayer
solution (5 mM in ethanol) overnight. After deposition, and prior to any characterization, the
films were removed from solution, rinsed with ethanol, and dried witbgeh. New films were

prepared immediately prior to characterization.

PhotoDeprotection.

Removal of the phottabile protecting group was accomplished by exposing the slides to
ultraviolet light in a Rayonet reactor. The lamp used was a 300 nm mencutgmp. The

slides were placed in deionized water and irradiated for 2 hours. For photomask experiments the
irradiation was accomplished by clamping the photomask to the substrate using a custom built
clamping fixture. No solvent was used for pattegnexperiments. After irradiation the slides

were rinsed with deionized water, followed by ethanol, and dried under nitrogen.

91



Photomasks.

Custom fabricated photomasks were obtained from Adtek Photomask (Montreal, Canada). The
specified design and dmen® ns wer e printed on soda | i me

chrome coating. The masks were rinsed thoroughly with distilled water and ethanol after each

use.

Surface Activation and Multilayered Film Assembly.

Irradiated substrates were exposed teealfly prepared solution of 0.1 M EDC and OMAHS

in deionized water for 30 minutes while agitating with a Thermo Scientific (Waltham, MA)
Barnstead/Laltine Lab Rotator on low speed to facilitate the reaction. Following activation, the
substrates wereinsed with deionized water, dried with nitrogen, and placed in a 0.01 M
ethanolic solution of a fluorescent compound (rhodamine 110 or cresyl violet 670) for 10
minutes (with agitation) to complete the surface reaction. The samples were thoroughly rinse
with ethanol and dried with nitrogen. Patterned surfaces were shielded from light using

aluminum foil during the activation and multilayered film assembly process.

Fluorescence Microscopy.

Patterned surfaces were examined by fluorescence microscopyoredeent images were
obtained on a Nikon (Melville, NY) Eclipse model E600 fluorescence microscope equipped with
a Diagnostic Instruments (Sterling Heights, MI) RT Color digital camera and Spot (v. 4.0)
analysis software. Samples were observed using@NPlan Fluor 10 x (N = 0.50) Ph1 DLL
lens. lllumination was provided by a mercury arc lamp (100 W, Chiu Technical Corporation,

Kings Park, NY) passed through either a Nikon FFHYQ (excitation filter: 466500 nm,
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dichroic mirror cut on: 505 nm, barriélter: 510-560 nm) filter cube for green fluorescence or a
Nikon Texas Red HQ (excitation filter: 53287 nm, dichroic mirror cut on: 595 nm, barrier
filter: 608-683 nm) filter cube for red fluorescence. Patterned surfaces were prepared for
microscopyanalysis by removing the pattern from the gold slide with tape. Slides were coated
with strips of Scotch brand transparent tape from 3M (St. Paul, MN) and incubated at 80 °C for
5 minutes to facilitate pattern transfer. The tape was carefully removedtfr® surface and

adhered to a standard glass microscope slide for analysis and imaging.
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SYNTHETIC DETAILS

2—-nitrobenzykl1-mercaptoundecanoate (photolabile compound).

One equivalent of -zhitrobenzyl alcohol (2.17 g, 14.15 mmol) was combined with one
equivalent of 1dmercaptoundecanoic acid (3.09g, 14.15 mmol), 0.1 equivalents DMAP (0.173
g, 1.42 mmol) and dissolved in dichloromethane (50 mL). To this mixture a solution of DCC
(2.92 g, 1415 mmol) in dichloromethane (30 mL) was slowly added while stirring. Upon
addition, a white precipitate formed after a few minutes. The mixture was stirred at room
temperature overnight. Vacuum filtration removed the white precipitate and the filtagte w
concentrated under vacuum. Silica gel column chromatography was used for purification with
dichloromethane/methanol (v/v 50:1) as eluent. The product was dried over sodium sulfate, the
solvent removed by rotary evaporation and dried under vacuumugingda yellow solid.

Yield: 3.57 g (71 %).*H-NMR (CDCL) &(ppm): 8.1 (d, 1H, Ar), 7.6 (t, 1H, Ar), 7.5 (d, 1H,

Ar), 7.4 (t, 1H, Ar), 5.5 (s, 2H, @H,), 2.6 (t, 1H, SH) 2.5 (q, 2H, GHSH), 2.4 (t, 2H,
CHx-C=0), 1.6 (m, 4H, Ch), 1.2 (m, 12H, CH). *C-NMR (CDCLk) 8(ppm): 173.5, 147.0,
134.1, 132.7, 129.5, 129.2, 125.5, 63.2, 34.6, 34.4, 29.8, 29.7, 29.6, 29.5, 29.4, 28.8, 25.3, 25.1.

MS (ESI): (M + Naj = 376.19 (calc. 376.47).
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2-Nitrobenzylundeecl10-enoate

One equivalent of-aitrobenzylalcohol (2.39 g, 15.65 mmol) was combined with one equivalent
of undecylenic acid (2.88 g, 15.65 mmol) and 0.1 equivalents of DMAP and dissolved in 50 mL
CH.Cl,. DCC (3.23 g, 15.65 mmol) was dissolved in 30 mL dichloromethane and slowly added
to the mixtwe while stirring. A white precipitate slowly formed after abouhifutes. The
reaction mixture was stirred at room temperature overnight. The precipitate was filtered off by
vacuum filtration and the filate was concentrated by rotary evaporatidalica gel column
chromatography with dichloromethane/methanol (v/v 50:1) as eluent was used for purification.
The product was dried over sodium sulfatelvent removed by rotary evaporati@nd dried
under vacuum producing a yellow oil. Yield: 3.9178.2 %). '"H-NMR (CDCk) &(ppm): 8.1

(d, 1H, Ar), 7.7 (t, 1H, Ar), 7.6 (d, 1H, Ar), 7.5 (t, 1H, Ar), 5.8 (m, 1H, CH3EI8.5 (s, 2H,
CH,-0) 4.9 (dd, 2H, CK=CH), 2.4 (t, 2H, CHC=0), 2.0 (g, 2H, Ch), 1.6 (m, 2H, CH)), 1.2

(m, 10H, CH). *C NMR (CDd3) & (ppm): 173.5, 147.9, 139.5, 134.1, 132.7, 129.4, 129.1,
125.4, 114.6, 63.2, 34.5, 34.2, 29.7, 29.6, 29.5, 29.4, 29.3, 25.3. MS (ESI): (V=+320.30

(calc. 320.40).
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2-Nitrobenzy(11-trichlorosilyl)-undecanoate.

Previously prepare@-nitrobenzyl unded0-enoate (1.32 g, 4.14 mmol) was placed in a flask
and excess trichlorosilane (8.36 mL, 82.8 mmol) was added under nitrogen protection. A 0.8 M
solution of hydrogen hexachloroplatinate (IV) hydrate 4pr@panol was prepared and o0 of

this solution was added to the reaction mixture while stirring. The mixture was stirred at room
temperature overnight. The excess trichlorosilane was removed by vacuum, leaving a yellow oil.
Yield: 1.40 g (74.5%).*H-NMR (CDCk) &(ppm): 8.1 (d, H, Ar), 7.7 (t, 1H, Ar), 7.6 (d, 1H,

Ar), 7.5 (t, 1H, Ar), 5.5 (s, 2H, CHO), 2.4 (t, 2H, CHC=0), 1.6 (m, 4H, Ch), 1.2 (m, 14H,

CH,). *C NMR (CDCk) & (ppm): 173.5, 147.9, 134.1, 132.7, 129.4, 129.1, 125.4, 63.2, 34.5,

32.2,29.9, 29.7, 29.6, 29.5, 29.4, 29.3, 24.7, 22.6.

NO,

OWSiCI3

O
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11-(2-Nitrobenzyloxyl1-oxoundecanoic acid.

2-nitrobenzyl alcohol (0.708 g, 4.6 mmol), undecanedioic acid (1.0 g, 4.6 mamol)DMAP

(0.056 g, 0.46 mmol) were combined in a flask with 20 mL dichloromethane. To this mixture a
solution of DCC (0.954 g, 4.6 mmol) in 10 mL dichloromethane was slowly added. The reaction
was stirred overnight at room temperature and a white pta@dormed. The precipitate was
removed by vacuum filtration and the filtrate was concentrated under vacuum. Silica gel column
chromatography with dichloromethane/methanol (v/v 50:1) as eluent was used to purify the
product. The product was dried owedium sulfate, the solvent removed by rotary evaporation,
and the solid dried under vacuum, affording a white power. Yield: 0.488 g (30H4AIMR
(CDCL) &(ppm): 11.1 (s, 1H, OH), 8.1 (d, 1H, Ar), 7.6 (d, 1H, Ar), 7.5 (t, 1H, Ar), 7.4 (t, 1H,
Ar), 55 (s, 2H, GCH,), 2.3 (m, 4H, CH), 1.6 (m, 4H, CH), 1.2 (m, 10 H, Ch. C NMR
(CDCl3) 6 (ppm): 178.9, 173.5, 157.5, 134.0, 132.7, 129.4, 129.1, 125.4, 63.1, 34.5, 34.3, 34.1,

29.6, 29.5, 29.4, 25.9, 25.2, 25.1. MS (ESI): (M +'Na}74.23 (calc. 374.38).
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5. SWITCHABLE WETTABILITY
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INTRODUCTION

Modified surfaces with properties that can be regulated in response to external stimuli such as
changes in light, solvent, pH, temperature, or electric potential is of inferesteas such as:
information storage, microfluidics, biosensing, and other i<’ Ralstonet al. showed that

SAMs of longchain thymineterminated thiolsexhibited a contact angle changke 26> after
irradiation with UV light'”® Liu et al reported reversible conformationdéehavior of
16-mercaptohexadecancacid under positive and negative applied potentials, which resulted in

achange in wettability’®

Systems that undergo reversible photoinduced wettability changes are of particular interest as
reversible gates in micofluidic applications such asroneactors. In effect, the photolabile
monolayer described in Chapter 4 is an irreversible wettability switch. Irradiation and removal
of the protecting group results in a decrease in surface wettability that could be used to open a
fluidic fausetthe ¢chanbeuidirrebersible, the gate could not be closed. Development
of a reversible system using a multilayered film would allow for a gate to be placed in a specific
region of a fluidic device, with light being used as the stimulus to open asd the gate.

Fluidic gates in microreactors would allow for small amounts of liquid to be selectively
introduced into a reaction chamber at-oMar eci se
chipodo systems have advan tsafreatants laratsolvents cHatu d e
minimize waste produced, reactions can be carried out at a small scale if quantities of starting

materials are limited, and that many different reactions can be carried out in a small system.
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Previous work includes fabritan of stable, noitovalently bound multilayered films on gold
surfaces using -f10-mercaptedecyloxy}pyridine-2,6-dicarboxylic acid as the SAM. The
pyridine head group of this SAM was used as a ligand to bind a layer of copper ions [Cu(ll)],
which wassubsequently complexed to another organic ligand. Thiscowalent approach was

used to fabricate films that exhibited phateitchable wettability!’ A capping ligand ofis-

2 , -@ipyridylethylene produced a hydrophobic surface, and UV irradiation resulted in a decrease
in hydrophobicity (19 reduction in contact angle). Spectroscopic studies indicated that this
reduction in contact angle was due ¢t to trans photoisomerization of the capping
pyridylethylene ligand. For this system, the isomerization and therefore the change in surface

wettability were irreversible, thus limiting its utility for most applications.

Irreversiblecis-/trans photoisonerization on surfaces has been reported previously. eFak
showed that dransstilbene isomer could not be convertedcts- when the compound was
deposited as a SAM, which is believed to be due to organization dfathe ligand on the
surface crating a steric barrier to theans to cis- isomerization process’ In effect, thetrans

isomer selassembles on the surface in an orientation that provides insufficient space to allow

isomerization to theis- conformation.

The goal of the work described in this chapter is thoés Thefirst step is to fabricate and
characterize a multilayered film utilizing naovalent assembly with a terminal group capable

of undergoing reversible isomerization when exposed to light. The photoswitching ligands used

in these studies wereis- and trans stilbene4 , 4 6di car boxyl i c acid, as

undergo reversibleis-/trans isomerization upon exposure to ultraviolet ligfft'®*'#* The
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second aim is to demonstrate that the isomerization of the stilbene moiety is reversible and
results in a change in surface wettability. The final step is to optimize the surface spacing
between the stilbene isomers in order to increaseyiid of the isomerization process. Two
methods were used to control surface spacing of the binding sites: mixed monolayers and
photolabile protecting groups. The mixed monolayer approach uses short-bbh&yhidenzene

groups to space out the dicaxlgpyridine binding sites. SAMs with photolabile moieties were

also used to generate binding sites with increased spacing after irradiation and cleavage of the
protecting group. This chapter describes these methods for binding site separation and the
resuting reversibility of the photoisomerization process as evidenced by changes in surface

wettability.
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RESULTS AND DISCUSSION

5.1. Multilayered Film Fabrication and Characterization.

Mul til ayered t hi sstilbénedicansxylic aciiweeeifabricateg bydseqdedtial
deposition of individual layers that are bound by scomalent, metaligand interactions, as

shown in Scheme 5.1. These films consist of a SAM made up(Id-rhercaptedecyloxy)
pyridine-2,6-dicarboxylic acid deposited ongold surface which acts as a ligand for binding
Cu(l)ions’?®*® The metal ion was then 6cappedd by dep
it is not posible to unambiguously identify the binding mechanism, it is likely that binding

occurs between the Cu(ll) ion and one of the carboxylic acid groups of the stilbene. Binding
between carboxylic acid groups and Cu(ll) ions in-asembled films has beeeported

previously:19120-184

The s el ecistilbenedicanbbxylict acidl @s the capping ligand was made for three
reasons. First, theis- andtrans isomers of this compound were shown to undergo reversible
photoinduced isomerization in solution based on UV/Vis anal{3iSecondly, the carboxylic
acid group acts as a metaihding ligard and thereby anchor the compound to the film. Finally,
isomerization will change the orientation of the fmund carboxylic acid group relative to the

surface and as a result alter the wettability.

Although Scheme 5.1 is an idealized representati@stitbene isomers will provide different
surface properties when bound to a substrate if the films assemble in this manner. The

cis-stilbene4 , -didarboxylic acid will create a hydrophobic surface when bound to a metal ion
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through one of the carboxylgroups (CH groups are exposed). Converselyfrdres form of
the compound will generate a hydrophilic surface whenaumalently linked to a monolayer
through one end of the molecule (COOH groups are expogeid)trans isomerization of the

stilbene will re-orient the terminal groups and change the surface wettability.

Scheme 5.1: Fabrication of the multilayered film.
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Following deposition of each layer (SAM, Cu(ll), and stilbene) the films were characterized by

contact angle goniometry to determine wettability, grazing incidence IR to demonstrate chemical
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functionality, and cyclic voltammetry to estimate surface coweragrhe results of these
characterization studies indicate that the underlying SAM forms a nearly complete layer. This is
supported by characteristic IR bands at 2922 amd 2852 ci, which indicate that the SAM is
well ordered:*®*#¢187 Cyclic voltammetry measurements conductethwiie film on gold as the

working electrode, using a redox probe show blocking beh&ior.

After metal ion complexation, stilbene isomers were deposited on the surfaceis-Tisemer

results in a sessile water droplet contact angle 0&E7Z60° and thetrans isomer givesa contact

angle of 50 = 2.0°. These results confirm that the orientation ofdiseisomer on the surface is

such that the ubound carboxylic acid group is not exposed, but rather buried in the film.
Conversely, the lower contact angle for trens isomer indicates that the doound carboxylic

acid group is exposed, resulting in a more hydrophilic surface. Grazing incidence IR spectra of
stilbenecapped films show the C=C stretch of the stilbene is at approximatelycf6gavhich

is consistenwith that observed in the solid compound. The IR spectra for each isomer are

indistinguishable.

The results reported above support the assumption that when irradiated at the appropriate
wavelengths theis- andtrans stilbene capped films will undergedmerization and that the

contact angle, IR and cyclic voltammetry measurements will confirm that this process occurs.

5.2. UVlrradiation of Multilayered Films.
Irradiation of multilayered films of theis- andtrans stilbene at 254 nm and 350 nm (lhsm

the maximum stilbene absorption band from UV/Vis measurements) respectively, did not result
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in reversible wettability changes. Although there was a change in contact angle of the surfaces
upon irradiation, the resulting contact angle of each isornes ahot match with that of the
unirradiated film of the other isomer. TBeC singalat 1682 cni' in the IR spectra was absent

in both irradiated films. The lack of an IRC=C stretching vibratiomafter irradiation suggests

that the capping stilbene mojetwas either removed from the surface or underwent

photodimerization upon exposure to UV light.

This behavior is similar to other previously published studies. For exalgl@&radiation of

films composed of azobenzene derivatized alkanethiols leadsh@atodegradation and an
associated reduction in water droplet contact angfefox et al showed that SAMs consisting

of cis- andtrans 4-cyanc4 -§10-(acetylthio)decoxy)stilbene do not phasmmerize, but instead
undergo dimerization (2 + 2 cycloaddition). This behavior was attributed to steric barriers to
isomerization that result when the SAMs form walilered and tighthpacked fims'®! Given

that the C=C stretching vibration is absé&ltowing irradiation in the multilayered films, it is

likely that a photodimerization reaction has occurred forming a four membered ring between
neighboring stilbene moieties. To further examine this possibility, mixed films were used to
separate the @gners so that photodimerization on the surface is not possible due to the increased

distance between neighboring stilbenes.

5.3. Preparation and Irradiation of Films Fabricated with Mixed Monolayers.
Previous studies have investigated methods to eresmple spacing on substrates for
conformational transformations. To alleviate steric crowding and facilitate isomerizatiat, Hu

al.®® used colloidal gold clusters instead of planar gold surfaces. Film packing on gold clusters
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is not as ordered as on a planar gold surface and therefore does not leait wot&Erns.
Mixed or twacomponent monolayers have also been used to create separation in monolayer

films,'"° as well as for other applications:?4%°

To test the effect of alleviating steric crowding in the multilayered films examined in this study,
a mixed SAM of 4(10-mercaptedecyloxy)pyridine-2,6-dicarboxylic acid and -ert-
butylbenzenethiol was deposited. The films were deposited from a solution containing an
equimolar mixture of the two thiols (experiments were conducted with different monolayer ratios
to determine optimum conditions). Thmadsorption of thiols is the general method for
generating mixed monolayer films that have different chain lengths or different terminating
functional group$:'®® However, factors governing the formation of mixed monolayers are not
well understood. Mixed monolayers have been shown to form islands of like molecules on the

surfacet®1%’

which limits the ability to unifanly deposit the metal and the capping ligand.

The successful assembly of these mixed monolayers was confirmed by contact angle, grazing IR,
and electrochemical measurements as for the previously described films. Irradiatiorisf the
mixed monolayeat 254 nnresulted in a change decrease in contact angle of a2shown in

Table 5.1) indicating a change from a hydrophobic surface to a more hydrophilic surface. IR
spectra obtained before and after irradiation show the stilbene moiety is present following
irradiation; a C=C stretching vibration at 168@™ is dbserved in both spectra. It is noted that

the observed decrease in the contact angle (~ 25°) is substantially greater than that reported for

photoisomerizable thin films of azobenzenes or spiropyrans that exhibit chang@% 6t
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Thetrans mixed monolayer film exhibits analogous behavior. Table 5.1 also shows the contact
angles obtained for theans film before irraliation, after irradiation at 350 nm, and after further
irradiation at 254 nm. The contact angle obtained after 350 nm irradiation is similar to that of
the unirradiatectiss mixed monolayer film (65vs. 7C°), and after rerradiating at 254 nm
returnsto close to the initial value (48/s 45°). IR data also shows the C=C stretching is
observed at 1680 chfollowing irradiation, supporting the conclusion that the stilbene is

undergoing photoreversible isomerization in the film.

Further irradiation beither of these mixed monolayer films beyond a single cycle did not result

in reversion to the original contact angles. Instead, further irradiation of both films resulted in a
convergence of the contact angles to a value intermediate between thoseethdas the
individual isomers. The convergence of contact angles to intermediate values between those of
the initial films is indicative of a mixture ofis- and trans isomers on the surface, each
photoirradiation step has not proceeded completelyaadidorganized arrangement results with
steric barriers to further isomerization. Mixed monolayers have improved the reversibility of this
system over that of uniform monolayers, however the reversibility remains limited. Other
methods of binding site aping were investigated to develop multilayered films with increased

reversibility for wettability changes.
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Table 5.1: Contact angle measurements for mixed monolayer films.

Film Contact Angle
Mixed Monolayer +Cis-Stilbene 700+ 2.0¢
Irradiation at 254 nm 45 +2.0°
Second irradiation at 350 nm 66°+1.0°
Mixed Monolayer +TransStilbene 45°+2.0¢
Irradiation at 350 nm 65° +2.0°
Second irradiation at 254 nm 48 +1.0°

5.4. Preparation and Irradiation of Films Fabricated with Photolabile Monolayers.

Mixed monolayers can be used to alleviate steric crowding. However, it is difficult to control the
spatial distribution of thiols on the surface (e.g., it is not possible wrestisat the monolayers

are homogeneous). In order to create a homogenous surface as well as one that provides
sufficient separation for isomerization to take place, multilayered films based on a SAM that

contains a bulky photolabile head groumiobenzyl-11-mercaptoundecanoate, were used.

Langeret al have demonstrated that bulky head groups can be used to generate spacing between
monolayer chains as evidenced by electrochemical switching of the alkyl chain conformation
following removal of the heagroup!’’ This result indicates that even though SAMs of thiols

on gold are dynamic on the surface, removal of the head group does provide the effect of
increasing the overall distance between alkanethiol chains compared to a conventionally

prepared monolayer. I proposed that after the terminal groups are removed, the metal ion
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complexation sites will be sufficiently separated for photoisomerization to occur once the
multilayered film has been assembled. Creating surface space by utilizing photolabile
monolaers is advantageous over using mixed monolayers because the deprotection will provide

a uniform surface with the metal ion complexation sites having equal spacing.

Reorganization of the SAM following irradiation to a densely packed state is a possitsilttye

inter chain van der Walls interactions drive the-asembly process. A reorganization of the
alkyl chains would limit the ability of the system to generate separation between binding sites
and also result in areas of no monolayer coverageh@schains rerient closer together.
However, the CV characterization data (discussed in Chapter 4) shows that redox current is
attenuated for both the monolayer and irradiated monolayer. If the irradiated monofayer re
organized significantly an increasecurrent for the redox process would be expected as areas of
the substrate with no monolayer coverage would not block electron transfer. Observation of
similar attenuated current to the SAM indicates that reorganization of the film is minimal in that
is does not result in areas of the substrate with no monolayer coverage, and supports the

assumption that bulky protecting groups can be used to separate reactive surface sites.

A comprehensive description of SAM deposition, deprotection, and charatiteritar the
photolabile compound is provided in the previous chapter. Following deprotection, the
carboxylic acid terminated SAM was exposed to Cu(ll) ions and thisrstilbene

4 , -didarboxylic acid to complete the multilayered film. The multilayeassembly process is
depicted in Scheme 5.2. Attempts to deposit tla@s isomer in the same manner were

unsuccessful. Although grazing incidence IR showed the presence of the stilbene moiety on the
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surface, the contact angle was surprisingly high (9,9%hich is unexpected if a terminal
carboxylic acid group is present. The high contact angle indicates that another portion of the
compound is exposed to the air interface, and this observation is likely due to the increased
separation between bindinges not providing the trarstilbene isomer a suitable template for
selfassembly. Irradiation of theans-stilbene exposed substrate did not produce a change in

contact angle, further supporting this assumption.

Scheme 5.2: Fabrication ofnultilayered films using photolabile monolayers.
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Contact angle, grazing IR, and CV analysis were performed on the multilayered film. The
contact angle of theis-stilbene capped film wa84° + 2.0°, similar to the othecis-stilbene
terminated surfaces discussed above. Grazing incidence IR measurements showed characteristic
absorptions of the stilbene compound (results discussed below). Electrochemical measurements
of the multilayered film were analogous to that of the digmted SAM exposed to Cu(ll) ions,

which is also identical to bare gold. Although some multilayered systems do show blocking
behavior when examined by CV, the lack of blocking behavior is not necessarily indicative of a
poorly ordered or noexistent fim. The protected and deprotected photolabile monolayers
exhibit blocking behavior to a redox process in solution (results presented and discussed in
Chapter 4), however upon exposure to metal ions, the CV profile of the film matches that of bare
god. Th s observation may be due to the film bec
the terminal carboxylic acid group. The interaction with the metal ion causes a reorganization of
the film that allows electron penetration to the gold surface, andothos redox process is

observed by CV measurements.

An alternative explanation is that when a positively charged metal ion is bound to the surface,
the electrostatic interaction between the film and the negatively charged redox probe is
increased, redting in a nonrblocking layer. Similar results are obtained when comparing

monolayers of mercaptoundecanoic acid (negatively charged) and aminoundecanethiol
(positively charged). The carboxylic acid terminated surface is blocking to the redox process of
ferricyanide, while the amine terminated surface is not. In either case, the addition of the
stilbene isomer to the film does not cause a reversion to blocking behavior. This observation

may be due to increased separation of the capping layer as cdnpdhe mixed monolayer
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system described above, which would be advantageous for the reversibility of the
photoisomerization process. CV analysis is therefore not particularly useful for this multilayered

system, and better evidence of the assembly psasgsovided by the contact angle and IR data.

Films terminated with thecis-stilbene isomer were irradiated repeatedly at alternating
wavelengths (254 nm and 350 nm). The choice of wavelength was based on the absorbance
spectra of these compounds, ethiare provided in Figure 5.1. Contact angles were measured
after each irradiation step and the results are summarized in Table 5.2. The results were similar
to those obtained for films prepared from mixed monolayers in that irradiation results in
isomeization based on the contact angle measurements. The change in contact angle°was ~ 20
and subsequent irradiation cycles result in the contact angles converging to a value between that
of the initial films. Once again, convergence of the contact arajlees indicates the presence

of a mixture of stilbene isomers on the substrate. Irradiation beyond three cycles did not result in

any further significant change in the surface wettability.

Presence of the stilbene moiety on the substrate was confirteedeach irradiation cycle by
grazing incidence IR analysis. Grazing IR spectra for the multilayered film and the first two
irradiation steps are shown in Figure 5.2. A C=C stretch is observed at 1878 athspectra.

This signal and the other majtR absorbances are also observed in a sample of the solid
compound examined by ATR, Figure 5.3. The signal at 168% sgen in the spectra for the
multilayered films is due to the carboxylate of the monolayer complexed to the metal ion, and is
also obseved in the grazing IR of the deprotected SAM at 1691%,cahown in Figure 5.4.

Further irradiation steps resulted in similar IR profiles. IR analysis was not able to differentiate
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between theis- andtrans- isomers as the spectra of the multilayered films are indistinguishable.
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] —Trans
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1
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Figure 5.1: Absorbance spectra (normalized) of theis- and
trans- stilbene isomers in EtOH.

Table 5.2: Contact angle measurements for films prepared from photolabil@monolayers.

Irradiation Cycle Contact Angle
Before Irradiation 64°+2.0°
Cycle 1: Irradiate at 254 nm 44°+2.0°
Irradiate at 350 nm 63°+2.0°
Cycle 2: Irradiate at 254 nm 47°+2.0°
Irradiate at350 nm 61°+2.0°
Cycle 3: Irradiate at 254 nm 51°+2.0°
Irradiate at 350 nm 58°+ 3.0°
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Figure 5.2: Grazing IR of the multilayered film before and after irradiation.
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Figure 5.3: IR of solidcis-stilbene dicarboxylic acid.
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Figure 5.4: Grazing IR of the deprotected SAM + Cu(ll).

The major difference between films fabricated from mixed monolayers and those prepared from
photolabile monolayers is that more irradiation is needed to cause converging contact angles in
systems prepared by the latter method. Using a photolabile group to create space in the film for
isomerization appears to be a superior approach to using a mixed monolayer based on the
number of switchable cycles achieved. Any approach that favors igatiar at the expense of

other photochemical deactivation routes (e.g., photodimerization) will result in more efficient

isomerization over more irradiation cycles.
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CONCLUSIONS

Reversible and irreversible photoinduced changes in surface wettabilgyolvserved in nen
covalently assembled multilayered films. The multilayered films studied were fabricated from a
SAM consisting of 410-mercaptedecyloxy)}pyridine-2,6-dicarboxylic acid on gold, Cu(ll)

ions complexed to the pyridine head group of the SANU eithercis- or trans stilbene4 , -4 6
dicarboxylic acid complexed to the Cu(ll) ions. Irradiation of these films at wavelengths
corresponding to the absorption band of the respective stilbene isomer resulted in an irreversible
chemical change as indited by surface contact angle and grazing incidence IR measurements.

However, no evidence fais-/trans photeisomerization was observed.

Thin films consisting of an underlying SAM, an intermediate layer consisting of Cu(ll) ions and
eithercis- or transstilbene4 , 46 di car boxyl i c acid as the cappl
mixed SAM that contained bothk(40-mercaptedecyloxy}pyridine-2,6-dicarboxylic acid and4

tert butylbenzenethiol. Irradiation of these films at wavelengths correspondititpéme isomer

absorption bands resulted in reversitie to trans andtrans to cis- photeisomerization, and

reversible switching of the surface wettability between a hydrophatigest{lbene) and a
hydrophilic trans-stilbene) state. The differemén observed behavior between these films and

those described above is attributed to the greater surface spacing afforded by the mixed
monolayer, which allows greater conformational flexibility and lowers the steric barriers to

isomerization.

Surface sparation was also achieved through the use of a monolayer with a photolabile group.
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A SAM of 2-nitrobenxyl 1tmercaptoundecanoate was deprotected with UV light. Following
capping with metal and stilbeske, -dicarboxylic acid, isomerization was achievied three
complete cycles. The use of the photolabile group for monolayer preparation provides a uniform
surface for multlayer fabrication and, as evidenced by contact angle measurements, provides a
superior template (compared to mixed monolayers)tterfabrication of a neoovalent film

capable of photswitchable wettability changes.
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FUTURE WORK

5.5. Increased Wettability Changes.

The change in contact angles achieved in these studies was approximateMtBOugh this is

an improvemenbver systems that have reported wettability changes on the order %% ig°,

does not represent a change between ideal hydrophobic and hydrophilic monolayers. For
example, Ck terminated SAMs exhibit contact angles of approximately°12tdid COOH
terminated SAMs give contact angles on the order &f 20system that exhibita change of ~

100 in contact angle would provide a superior gate in a fluidic system.

Future work includes developing systems that undergo larger reversible wettability changes.
This can be accomplished by fabricating photoisomerizable units with doattgroups that

have a more significant influence on the surface wettability depending on their orientation. For
example, in this system a stilbene substituted with a carboxylic acid is used. However, in the
trans state the contact angle of ~°48oesnot indicate that the carboxylic acid group is fully
exposed to the surface, as it is likely not in a vertical orientation. Similarly, cigh&tate the

contact angle of ~ 70is not what is expected of a purely hydrophobic alkyl group exposed to

thesurface (CHterminated films result in a contact angle of ~210

In order to effect a larger change in wettability, stilbene moieties with different functional
groups on one of the aromatic rings could be used. For example, @dLip in the orthar
meta position to the C=C on the ring may decrease the wettability of the film (larger contact

angle) when the stilbene isomer is in itis- orientation and provide a greater difference in
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wettability when the isomerization process occurs. Examinatictilbene isoments with GF
and COOH functional groups in different positions of the ring system would provide more

significant wettability differences for the multilayered film assembly.

5.6. Separation using Photolabile Monolayers.

Utilizing SAMs with bulky protecting groups to create surface separation has been reported
previously’” and was used in these switchable wettability studies. However, the degree of
separation and the structure of the monolayer following irradiation were not probed in detail;
evidence for grface separation of binding sites was inferred by the changes in wettability
following isomerization. A detailed study of the packing arrangement of the irradiated film
following removal of the protecting group to determine how this method achieveweesits
separation is of interest for future studies. An understanding of the degree of surface separation
can then be used to design future multilayered systems that undergo wettability changes since the

increased spacing decreases the steric hindtansemerization.

In order to study the nature of the packing in photolabile monolayers, direct comparisons will be
made between irradiated SAMs that have a carboxylic acid terminal functionality and those
deposited from mercaptoundecanoic acid. Thes#SAre chemically equivalent, the only
difference being that the irradiated films likely have fewer molecules attached as they were
formed with bulky terminal groups. Contact angle and CV measurements of these films are
identical; however these types otasurements only provide a survey of the entire surface and
do not give significant information about the packing of the individual chains, other than to show

that they are well oriented. Thickness measurements of each of the films by ellipsometric or
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capmcitive techniques would determine if the monolayers have the same tilt or cant angle on the
substrate. For films fabricated using bulky protecting groups, if the chains are separated by a
larger distance prior to irradiation, they may tilt to a highegréle to establish maximum
interchain interactions after irradiation. This would result in a decrease in the film thickness
compared to a SAM prepared from mercaptoundecanoic acid. Determination of the difference in
film thickness between these SAMs woualébw for the difference in tilt angle to be calculated,

and therefore demonstrate that an increase in separation between chains is achieved by using

photolabile head groups.

Another relevant study is to examine the contact angle hysteresis betweetwthégpes of

SAMs (COOH terminated groups formed using photolabile monolayers and those formed using
mercaptoundecanoic acid). Contact angle hysteresis (described in Chapter 2) is the difference
between advancing and receding contact angles, and ther ldrg hysteresis the more
inhomogeneous the surface. The same contact angle hysteresis for these films would indicate a
similar surface arrangement, while a larger hysteresis value for the films prepared using
photolabile groups would indicate that tharface is less homogeneous and support the
hypothesis that removal of the protecting group increases spacing between reactive sites. A less
tightly packed monolayer would be expected to have a larger hysteresis as the terminal
functionalities would be faher apart reducing uniformity. The extreme case can also be tested
by using mixed films (mercaptoundecaoic acid with short chbinyl thiol spacers) which will

provide a less homogeneous surface and an even larger hysteresis.
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EXPERIMENTAL DETAILS

Materials and Methods.
Cis-stilbene4 , -digarboxylic acid (95 %) from Lancaster Synthesis Inc. (Windham, NH).
Transstilbene4 , -dicarboxylic acid from Frinton Laboratories, (Vineland, NJ). Suppliers for

other chemicals and details for methods of ursgntal analysis are provided in Chapter 4.

Preparation of Mixed Monolayers and Multilayered Films.

Monolayers were prepared by immersion of the gold slidea -2 mM solution of4-(10-
mercaptedecyloxy}pyridine-2,6-dicarboxylic acidor a 5 mM solution of -hitrobenzyl 11
mercaptoundecanoate @thanol for 18 hours. Mixed monolayers were prepared by immersing
the clean goldlides in a solution containing a mixture of 0.5 roM4-(10-Mercaptedecyloxy)
pyridine-2,6-dicarboxylic acidand 0.5 mM of 4tert butylbenzenethiol in ethanol (for mixed
monolayers the total concentration of thiol wiagnM). Copper (Il) bromide was used as the
source of Cu (Il) ions. SAMs were immersed in a solution of 2 mM copper bromide in ethanol
for 2 hours.Capping of the copper ions with tles- andtrans stilbene4,4-dicarboxylic acid
wascarried out by immersing the copper capped gold slides in 5 mM solutions in ethatia.
mixed monolayesystems following deposition of Cu (ll), the gold slides wienenersed in a
solution of2 M HNGO; for 30 minutes and then rinsed with water followed by ethanol to remove
any copper ions that may have physisorbed on theh€&ll group. Control experiments showed
no monolayer degradation following exposure to 2 M HN&fter each layer deposition, and
prior to any characterization, the films were removed from solution, rinsed with ethanol, and

dried with nitrogen. New films were prepared for each characterization experiment.
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Preparation of Photolabile Monolayers and Miayered films.

Monolayers of the photolabile compound -r(&robenzytll-mercaptoundecanoate) were
prepared and irradiated as described in Chapter 4. Multilayered films were prepared in a similar
method to that described above. Irradiated SAMs were isedédn a solution of 2 mM copper
bromide in ethanol for 2 hour€apping of the copper ions with thes- andtrans- stilbene4,4-
dicarboxylic acid wagarried out by immersing the copper capped gold slides in 5 mM solutions
in ethanol. Following eacldeposition step the slides were removed removed from solution,

rinsed with ethanol, and dried with nitrogen.

Irradiation.

Slides were irradiated using a Rayonet reactor equipped with mercury arc lamps with maximum
distributions of light centered at 2%hd 350 nm. Exposure to 254 nm light was performed with
the slides in ethanol with no filter; for irradiation at 350 nm a Pyrex filter was used which cuts

off light below 305 nm.
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SYNTHETIC DETAILS

4-(10-mercaptedecyloxyjpyridine-2,6-dicarboxylic acid
This compound was synthesized by Dr. Ernesto Soto and the details are described in his doctoral

dissertation and in previous publication§:*®

2-nitrobenzyl 1imercaptoundecanoate.

The synthesis of the photolabile compound is describeetail in Chapter 4.
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6: MULTI-ANALYTE SENSOR

DEVICE PLATFORM
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INTRODUCTION

This chapter describes the individual components of a Janidtlyte sensor device platform
(electrode array, microfluidic system, sensor analogues) towardspgiieation of building a
portable blood sensing device. As a probprinciple for the device design crown ether
analogues were synthesized and tested in response to alkali metal Tprida{(KLi*). As
described previously, monitoring of electrolytevels in biological fluids is important in
identifying illness (K and N4 levels) and also when certain therapeutics are usédhgiapy).

The device design presented demonstrates an electrochemical response to metal ions in solution,

indicating it ca be used as a platform for the attachment of other surface based sensors.

The same format was also tested for glucose sensing by incorporating the enzyme glucose
oxidase onto the surface based electrode array. In the presence of glucose a pdngon of t
enzyme reacts and is reduced which can be monitored electrochemically in the presence of a
charge transfer mediator. As previously described, careful monitoring blood glucose levels is

vital to diabetic patients.

Development of a sensing platformatHunctions with different types of surface based sensors
(different crown ethers, surface bound enzymes) is a step towards fabricating -analyte

device. Demonstrating that the sensing platform is reusable (i.e. shows reproducible response to
multiple samples) will lead to the development of a continuous monitoring device that can be
used observe and examine physiological indicators of workers or soldiers in the field and alert

medical personnel to a health problem prior to it becoming life thiiegten
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Sensors have applications that range from electronics, to manufacturing, to detection of toxic
materials, to healthcaf@. A sensor is a device which has a response to an external stimulus.

The response is transduced into a measureable signal that can be detected. Sensor responses
include electrical (e.g. potential change), optical (e.g. color change), and thermal (e.qg.
temperature change) signals that are used to determine analytd4&v@&tecting components
(electrolytes, glucose) of physiological fluids (blood, urine) is important for physicians to
evaluate patients and treat disease. Portable devices that rapidly assessgutalissalmples

eliminate the requirement to collect and send blood or urine to a laboratory for analysis.
Advantages of portable sensing systems in the healthcare field include reducing patient treatment
times, eliminating laboratory expenses, and thatgltd monitor analyte levels in remote (away

from a hospital) locations.

A commercially available device, theSITAT manufactured by Abbott Point of Care, is a
handheld blood analyzer that performs a panel of tests for physiological levels of elestrolyte
blood gasses, glucose, cardiac markers, and other blood chemitiiée i STAT uses a series

of selfcontained cartridges to test samples; the individual cartridge is selected based on the type
of blood chemistry analyzed. Differe cartridges are available, some test for only a single
analyte such as creatinine (an indicator of renal function), while others test for several levels
such as electrolytes, (NaK®, CI) glucose, pH, and hemoglobin (a protein that transports
oxygen fom the lungs to the rest of the body. A drop of blood is applied to the cartridge which

is inserted into a handheld analyzer and the test is completed in several minutes.

Although the iSTAT is a portable detection system for a range of blood chéssisit has
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several significant disadvantages. The first is cost. Individual cartridges can only be used for a
single test and vary in price from about $10 to $4his expense per sample can be prohibitive

for a largevolume of measurements. Also, unexpected readings cannot be retested with the
same cartridge; a new cartridge (with the additional cost), or laboratory analysis to confirm the
initial measurement is required. The response time of several minutesfecsatysfor single

analyte measurements (such as the level of glucose in a blood sample), but the system cannot be
used for reatime detection that is necessary for a continuous monitoring device. Applications

of continuous monitoring include implantaldevices that monitor soldiers in the field and alert
others in a remote location of changes in their blood chemistry (such as electrolyte levels) that

require immediate attention.

The goal of the work presented in this chapter is to develop a compdablp sensing platform
capable of multanalyte detection, using minimal sample volumes, for biological sensing
applications. Specific aims include: the design and fabrication of a device (containing a surface
based electrode array, a microfluidic saengklivery system, and an electrical interface to a
potentiostat/frequency response analyzer for detection), synthesis of crown ether analogues that
bind alkali metal ions and can be attached to surface based electrodes, testing of the ion binding
affinity of sensor compounds in a multiplexed format, and detection of analyte in the device

platform.

Surface based sensors that are chemically bound have advantages for incorporation into devices,
particularly in reusability because of the permanent attachtoghe substraté’ 2% Examples

of surface sensors include cyclic and bicyclic crown ethers and porphyrins, which provide
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suitable sites for metal ion interactioi$>**>> A diagram of a surface based sensor of this type
is shown in Figure 6.1. Upon binding ions, the surface properties (e.g. resistivity) of the sensor

molecule change and this response can be measured.

lon

Binding Site

Spacer

Surface

Figure 6.1: A surface based sensor showing an ion binding site and
spacing linker for surface attachment.

Surface based sensor arrays have been used for detecting met®4Bnsnzymes®

§0,203,211215

bacterig?®® trace gasse®>*° and organic Techniques that have been used to

prepare these types of arrays that include; photoligthograpisglf-assembly?¢2°7209211tp

e
use of polymer matrixéd??*the controlled growth of carbon nanotu&sthe controlled

growth of nanowired!’ and microfabricatiofi’?°+2%2%°21>  Often, more than one of these
techniques are used to generate the array, resulting in a complicated, time consuming fabrication

process; simplifying the sensor fabrication process using spontaneous molecular interactions will

reduce cost for a meditdevice.
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Seltassembled monolayers of alkanethiols on gold have been studied for bioSenaimg.
previously discussed,otfl is compatible with biological systems and electrically conductive.
Interaction between terminal functional groups of the adsorbate with analyte species have led to
the use of SAMs in selective molecular recognition applications including chemical and
biological sensing>®> Analyte molecules bind to the monolayer and the extent of binding is
transduced into a detectable signal through bulk modulation of properties including fluorescence,
surface plasmon resonance, or electrochemisffy Direct transduction of a molecular binding
event into an electrical signal makes electrochemical detection appealing as it can be integrated
into portable electronic devices. Monolayers that incorporate metal ion binding sites have been

shown to detedbns with a response that can be measured electrochemf@afly.

Hostguest interactions are a type of sensing method. Typically, the host molecule contains
some kind of central hole or some other type of caVftyTo be an effective sensor, the receptor
site is selective in its interaction with the analyte in the presence of other species. Also, the
receptor is attached to a signaling unit tlesponds to the interaction with the analyte in one of

the methods described above.

Crown ethers have been studied for their ability to interact with alkali metal ions in-guesst
fashion?*® The iondipole interaction between the lone pair electrons of the oxygensaand

the positive charge of the cation, make crown ethers candidates for ion detection. Binding
constants of crown ethers and alkali metal ions in aqueous media are on the ordef of 10
107 M. A molecular modeling simulation of the interaction betweercrt®vn6 and K in

water is shown in Figure 6.2. If the crown ether is anchored to a suriatte, case of a self
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assembled monolayer, the interaction of metal ions with the crown moiety can be monitored

electrochemically through the substrate.

Figure 6.2: Molecular Modeling Simulation of HostGuest
Interaction of K™ and 18-Crown-6 (Grey = C, Red = O, Purple = K)

Electrochemical impedance spectroscopy (EIS), introduced in Chapter 2, has been used to
examine properties of sealssembled monolayers including surface coverage, monolayer
composition, and the ability o§urface sensor molecules to selectively bind B0
Impedimetric sensing functions by detecting changes in the insulating behavior of a*8y&tem.
Lennox and caworkers demonstrated that impedance measurements of SAMs modeled to simple
electrical arcuits allow values for the resistive and capacitive components of the system to be
extracted. Reinhoudt and-wmrkers have shown that the complexation of metal ions te self
assembled monolayers of crown ethers causes an increase in the monolayamncapand also

an increase of the charge transfer resistance in the presence of a redox active species, which can

be monitored by impedance spectroscly°'°?** This form of sensing can be used to

directly detect redox inactive species without labeling.
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A microfluidic testing format combines the advantages of electrochemical detection using
microelectrodes with small sample volumes. The dimensions of michaeles have been
shown to reduce response time, increase sensitivity and effect efficient mass transport.
Microfluidic sample delivery allows for higthroughput analysis with minimum sample (uL)
required and waste produced. Microfluidics also allowpé&wallel detection and/or sample pre
processing which is important for "lab on a chip" applications. A microfluidic SAM based

sensor platform combines reduced costs with increased speed, sensitivity, and portability.
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RESULTS AND DISCUSSION

6.1. Device Design and Fabrication.

The microfluidic device design includes several components. Three surface electrodes (working,
counter, and reference) are interfaced to a potentiostat. AdpuoBthyl siloxane (PDMS)
microfluidic channel delivers the ag& solution to the active electrode area of the device, and

is fabricated by casting the polymer over a mold. Sample delivery tuning is inserted into the

PDMS and a fixture secures the entire assembly.

6.2. Initial Prototype.

The initial device desigmcluded the components described above; a diagram and photograph of
the prototype are shown in Figure 6.3. A 75 mi2b mm gold coated glass slide was used and
three independent electrodes were created by etching the surrounding metal layer (aqua regia
removed the gold and a commercial chromium etchant removed the adhesion layer). A PDMS
channel was affixed to the top of the electrode array and clamped in place using a custom made
acrylic fixture. Although this design contained the necessary compamentsitical problems

were realized. First, a gold reference electrode is not sufficient as the potential of the system
drifted during the measurements (see section 6.5). Second, the large size of the exposed
electrode area compared to the small volurhelectrolyte resulted in the gold layer detaching

from the substrate during the measurements, as the current flow in the system was limited by the

size of the counter electrode.
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Figure 6.3: Diagram of prototype device (left), image of
assembled prototype device (right).

6.3. Device Miniturization.

To address the problems associated with the initial prototype the design of the system was
modified. A microelectrode array was used to correct the size ratio between the electrodes and
the volume of analyte solutions. Microelectrodes also keep the overall device platform small
which is important for the portability of the system as well as maintaining minimal sample
volumes. Dimensions of the microfluidic network and clamping fixturerewscaled

appropriately and are described in the experimental details at the end of the chapter.

6.4. Microelectrode Arrays.
A commercially available Electrochemical Gelta-Chip (ECC) was used as the surface based
sensing platform for analyte detect (details provided at the end of the chapter). The ECC

consists of two active areas that each contain an interdigitated working electrode with
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neighboring counter and reference electrodes. A diagram of the ECC used in this study is shown
in Figure 6.4 total dimensions of the array are @0 mm. The inset in the figure shows an

enlargement of the active areax3 mm) of the array which contains the three electrodes.

Pair of XX05 Reference
Interdigitated Electrode
fl Working Electrodes

Borosilicate
Glass Substrate

Counter Elecirode

Figure 6.4: Diagram of Electrochemical Celon-a-Chip (ECC)
(from ABTECH c ompany website)?*°

This electrode design offers two critical components. The first is an independently addressable
reference electrode that is in close proximity to the working electrode and can be electroplated
with silver using an electroplating solution as describdtiennext section. The close proximity

of the electrodes reduces resistance; the resistance between the two electrodes should be minimal

to maintain a constant potential. The second advantage of the ECC is the large area counter
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electrode compared to theorking electrode. Typically, counter electrodes are 100 to 1000
times larger than working electrodes so that sufficient current can be transferred into the

electrolyte while avoiding high cell voltages.

6.5. Electroplating of Reference.

Metallic silver was plated onto the reference electrode portion of the ECC to generate a stable
reference for surface based electrochemical measurements. The electrode was placed in a silver
plating solution and a constant current was applied to the reference értienECC. During

the plating process silver ions are reduced to silver metal and deposited on the electrode.
Successful electroplating was confirmed by measuring the potential overginaestandard
reference electrode (Ag/AgCI). These measuremaensonstrate the stability of the electrode

and a comparison between bare gold and gold plated with silver is presented in Figure 6.5.
Additionally the silverized ECC reference demonstrates similar stability a®haieh substrate

plated with silver usinghe same process, as also shown in Figure 6.5. It is noted that plated
silver surfaces are comparable to that of a silver wire in terms of staisilaystandard reference

electrode.
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Figure 6.5: Open circuit potential comparison of gold and silverwfaces.

6.6. Assembled Device.

Photographs of the assembled device platform are shown in Figures 6.6 and 6.7. The
microelectode array is set in a custom made acrylic fixture as shown in Figure 6.6 (left); the two
independently addressable active electrode regions are seen in the ithagenage in Figure

6.6 (right) shown a PDMS channel placed on top of the electrode array. The top portion of the
fixture (not shown) has a recess for the PDMS channel and is designed to center the channel over
the active electrode array and affix thgstem to avoid electrolyte leakage. The complete
assembled device with an electrical interface is shown in Figure 6.7; the blue clip makes an
electrical connection with the contact pads of the electrode array and the black connector

interfaces to the ingiment. Approximate dimensions of the fixture are 3xc&cm. It is noted
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that the total size of the electrical interface is larger than the sensing array and further

miniaturization of the instrument connection will reduce the size of the platform.

Figure 6.6: Electrode array set in fixture (left) and electrode array covered by PMDS
channel (right), tubing is inserted in the PDMS for sample delivery.

Figure 6.7: Assembled device, showing the electrode array in the clamping fixture
and the ekctrical interface.
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6.7. Synthesis of Sensor Compounds.

Three target compounds were identified as sensors for incorporation into the microfluidic device.
The compounds consist of different sized crown ethers with a short chain thiol linker for surface
attachment and are shown in Figure 6.8. Short linking chains provide a larger response upon ion
binding because the overall impedance of the chain is reduced compared to longer linking groups
typically used to form alkanethiol sedssemebled monolayefS. However, interactions
between adjacent alkyl chains stabilize and orient monolayers on a suafatajsing shorter
chains may reduce the degree of order achievable for these films. Different sized crown ethers
were chosen to increase the selectivity towards metal ions (specificdJiN&i, K") upon
incorporation into a device. By analyzingettesponse of each of these sensor compounds to the

same analyte, the selectivity is increased compared to using a single sensor.

OO
\—/W k/o\)\([)(\/\s'*
{7
S
K/O\)WO(\/\SH

Figure 6.8: Chemical structures of crown ether targets.
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A synthetic approach to the three target compounds was devdloped modified literature
proceduré?® and is showrin Scheme 6.1. The reaction involves treating a monoazacrown with
y-thiobutyrolactone in the presence of catalytic amounts of camphorsulfonic acid. An amide
bond is formed and the lactone ring opens generating a free thiol group that can be used to link
the compound to a gold surface. This one step reaction can beetempi 1day, and is
followed by purification. The same approach was used to prepare the three target compounds in
amounts greater than 500 mg and the synthetic procedure is described in detail at the end of the

chapter (spectroscopic characterizatioprvided in Appendix A).

Scheme 6.1: Synthetic approach to the target compounds.
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6.8. Characterization of Crown Ether SAMSs.

SAMs were prepared using each of the crown ether compounds and were characterized by
contact angle and grazing incidenéerheasurements. Contact angles of 55.8° £ 3°, 56487

and 56.8° = 4° were determined for SAMs of the-h2&rown4, azal5-crown5, and azd 8

crown6 short chain thiols, respectively. Similar contact angles are expected as each of the
compounds hathe same ether terminal moiety, and the measured angles are in agreement with

reported values for films of similar structuf&!*

Grazing IR spectra for each of the crown ether SAMs are shown in Figures 6.9, 6.10, and 6.11.
The three films show similar IR absorptions due to the sinst@mical structure of the three
compounds. Common absorptions include: ~ 1135 ¢@-0), ~ 1460 crit (C-N),
~1640cm* (C=0 amide), ~ 2857 cm(C-H chain and €H crown), ~2900 cnt (C-H crown),

and ~ 2928 cm (C-H chain). These absorptions are dstent with a SAM of each of the
crown ether compounds forming on the substrate. The observation oflthet@tches of the

chain at ~ 2928 cthand ~ 2857 c for all films are indicative of a somewhat disorganized,
liquid-like arrangement of the moleles on the surface, expected due to the short tether chain
length and bulky head group, and is similar to reports that discuss SAMs containing crown ether

moieties!®®1?
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Figure 6.9: Grazing IR of a SAM of azal2-crown-4 thiol.
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Figure 6.10: Grazing IR of a SAM of azal8-crown-6 thiol.
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Figure 6.11: Grazing IR of a SAM of azal8-crown-6 thiol

6.9. lon Titrations.

lon titrations were performed by adding aliquots of ion',(INla’, and K) to a supporting
electrolyte solution and monitoring changes in charge transfer resistance ofinth@yfi
impedance spectroscopy. These measurements were performed on pld&ngoldsubstrates.

A supporting electrolyte of TRIS buffer (0.1 M) adjusted to physiologica{##) along with a

redox active species, hexamineruthenium chloride, was usgqubsifively charged redox probe

is employed for these measurements because binding a positive ion to the film results in an
electrostatic repulsion between the interface of the film and the redox probe in solution. The
electrostatic interaction is evidestt as an increase in the charge transfer resistance of the film

and is monitored by impedance measurements.

142



Results for ion titrations using these methods are presented in Figures 6.12 and 6.13, which plot
changes in charge transfer resistam&aon concentration. Figure 6.12 shows the response of a
SAM of azal8-crown6 thiol to alkali metal ions. The largest change in charge transfer
resistance (~ 80Q at 25 mM) is observed for Kions and the smallest (~ 3D for 25 mM) is

seen for Li ions. Response of each of the different sized crowns'toné is shown in Figure

6.13. Monolayers of aza8-crown6 thiol show the largest change (~ 48Q0at 25 mM) in

charge transfer resistance and those otrb¥vn4 thiol demonstrate the smallest (~¢Dat

25mM) change. These results are consistent with-fgizeteractions of the alkali metal ions

and crown ether analogues. It is noted that the initial charge transfer resistance values vary for
these films between ~ 100 and ~ 30P0and as a consegnce the results are plotted as changes

in the charge transfer resistance so that different systems can be compared. It is also noted that
these values are obtained from modeling the experimental data to an ideal equivalent circuit, as
described in dethin Chapter 2, which results a degree of error for the values obtained and
explains why some of the films examined (for exampkeri@vn-4 thiol with potassium) show a

small negative change in charge transfer resistance from one measurement to the next.
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Figure 6.12: Impedametric ion titrations of azal8-crown-6 thiol.
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Figure 6.13: Impedametric ion titrations of crown ether SAMs with K'.
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Initial ion titration results were encouraging; differences in responses were observed between the
crown ether modified electrodes. To demonstrate mahilyte sensing, a multiplexed
experiment was designed to allow measurement of the same analyte solution with all three crown

ether constructs.

6.10. Multiplexed lon Titrations.

A manual multiplexer was fabritad that consisted of three working electrode channels with a
single connection to the working electrode lead of the potentiostat. Each channel is
independently selectable with a switch, and the multiplexer allows for three working electrodes
(the three mwn ether SAMS) to be integrated in one electrochemical cell with common
reference and counter electrodes. Measurements are performed in sequence by adjusting the ion
concentration of the electrolyte, selecting one of the working electrodes for meast,iranake

then repeating the measurement with the other two working electrodes. This arrangement is
analogous to a mulanalyte sensor device in that the same analyte solution is analyzed by a set

of modified electrodes with different chemistries.

Multiplexed titrations of the crown ether analogues with alkali metal ions are presented in
Figures 6.14 (K), 6.15 (N&d), and 6.16 (Li). The plots show the change in charge transfer
resistancevss ion concentration and each graph contains data from three separate sets of SAM
modified electrodes for a total of 9 measurements (3 with each crown) at each concentration.
Although there is a significant difference between the values measured for@aohagth each

metal ion (for example the change in charge transfer resistance f&B-arawn-6 thiol varies
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by ~ 150Q for each ion at the maximum concentration measured) several trends are observed.

For potassium and sodium the largest crowngb8vn-6) shows the largest increase in charge
transfer resistance (between 250 and 808t the maximum concentration measured) and the
smallest crown (1-2rown4) shows the smallest increase (between 15 arfd &0the maximum
concentration measured). Hithium, both the 1&rown6 and 15crown5 modified electrodes
show similar responses (increases of 130 to Q3& the maximum concentration), while the
12-crown4 surfaces exhibited changes between 70 and (11& 25 mM. This result is
significant becase the other ions (Nand K) produced a response of-t@wn4 substrates
that was below 50 (most measurements gave changes of ~(2@or the maximum

concentration).
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Figure 6.14: Multiplexed titrations of crown ethers with K.
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Multiplexing the ion titrations in this manner demonstrates how multiple sensors are used to take
measurements of the same analyte solutiorsequence. This method of analyte detection
improves the selectivity over one sensing unit alone. For example, if sensors A and B both
respond to analyte C, but only sensor A responds to analyte D, a device that uses both sensors A
and B will detect bth analytes C and D. The response of neither indicates no analyte C or D
present, the response of A only indicates analyte D, and the response of both A and B indicates

analyte C.

6.11. Microfluidic Device Measurements.

A microfluidic device was assenda with an electrode array derivatized with -48xcrown-6

thiol. Measurements were taken by injecting alternating solutions of supporting electrolyte
(TRIS buffer and hexaamineruthenium chloride) with 0 mMalikd supporting electrolyte with

5mM K" into the device and monitoring the impedance after each injection. The normal
physiological concentration of potassium is 3.5 to 5.0%hand a useful biological detection
system is responsive in this range. A plot of the imagiwvarythe real components of the
impedance for 9 alternating cycles is shown in Figutg. The initial charge transfer resistance

is 6.8 K2 and an increase ®.9 kQ is observed upon addition of 5 mM Kwhich is consistent

with the metal ion binding to the film and causing an electrostatic repulsion between the surface
interface and redox species in solution. It is noted that at metal ion concentration$/aoth® m
diffusion limited part of the impedance spectra (Warburg element seen for 0 mM ion
concentration) could not be recorded sue to the high charge transfer resistance, which has been
reported for similar systent§’ In this case the low frequency points were removed from the

plot for clarity as the impedance at these frequencies was similar to those depicting the charge
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transfer resistance of the film (in effect the @leimpedance at these frequencies is the same as

that of the lowest frequency point shown in Figure 6.17).

After flushing the device with supporting electrolyte with no ion, the charge transfer resistance
decreases to 7.XX within ~ 500Q of the intial value. The irreversible increase in charge
transfer resistance observed for the first cycle is either due to potassium ions that remain bound
to the film or a reorganization of the film as a result of the AC perturbation during the
measurement. Theecond explanation is more likely because subsequent cycles demonstrate
charge transfer resistance values that return to a range within 60 7.3 kQ (the value

measured after the first cycle).
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Figure 6.17: Impedance measurements of ion binding in a microfluidic
device at alternating concentrations of 0 and 5 mM K
series 19 indicate the order of the measurement.
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The other electrode of the ECC showed similar reversible behavior. An atiiade transfer
resistance value of 8.3kwas measured and upon addition of 5 mMthke value increased to

14.6 K. A similar irreversible increase in the charge transfer resistance was noted after the first
cycle, but further cycles saw a reversion fthim ~ 50Q of that value, analogous to electrode 1.
Although the trend for both electrodes is the same, the initial resistance values vary by about
1.5kQ, and the change in charge transfer resistances at 5 frishkconcentration is different

by 3.3 k2.

As observed during the multiplexed titrations, films with higher initial resistances show a greater

change in charge transfer resistance when exposed to ion, which likely has to do with the
organization of the film. Higher initial values indicate elMordered monolayer (comparatively)

with fewer defects. Defect sites in the film allow penetration of the redox species regardless of
the degree of ion binding and as an effect lead to comparatively lower changes in resistance
values. For this systenhd electrode with the lower initial charge transfer resistance (8)8 k

saw an increase of 3.10kat 5 mM K, while the electrode with the higher initial resistance

(8.3kQ) produced a change of 6.8kt 5 mM K'.

The reversibility of the system seenbiath measurements in the microfluidic device and in those
described above using 1 €substrates and a standard electrochemical cell indicates the binding
constant for the surface bond sensors and alkali metal ions is low. Electrodes were only rinsed
with deionized water to remove bound ion and a high binding constant would prevent complete
removal of the ion from the film. A low binding constant for surface bound crown ethers can be

explained in that the hydrophobic boundary at the surface makes tirsatifof solvated alkali
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