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ABSTRACT

The electrochemical reduction péra-sulstituted aryldiazonium cations is a
convenient method of introducing chemical functional groups to a surface. The number of
conductive surfaces that have been used for this purpose is rapidly expanding. The body of
work presented in this thesis will seteefurther investigate this method as it applies to
polycrystalline gold surfaces.

The stability of diazoniurderived nitroazobenzene (NAB) layers on Au was
investigated by subjecting them to a variety of treatments including prolonged exposure to
UV radiaion, refluxing solvents, ultrasonication, chemical displacement by
octadecanethiol (ODT), and the application of negative potentials3d/ vs Ag/AgClI.

Infrared reflectiorabsorption spectroscogfRRAS) and electrochemical blocking were

used tamake heassesments. Thdilms are very resistant to ODdisplacement reactions,
moderately resistant to ultrasonication and refluxing; but not very resistant to the other
treatmentsln most casegjuantitativ RRAS measurements indicate thab0 % of the

layer resists the treatments direct, sideby-side comparison of the stability of

nitrobenzene (NB) layers deposited electrochemically from nitrobenzene diazonium cations
to selfassembled monolayers (SAMs)roércaptonitrobenzengas made. Both types of

layers are prone to removal by the various treatmehts.is likely due to the presence of
weakly bound, physisorbed material in addition to more strongly bound material.
Immersion inan ODT solution results in complete displacement of the thiol derived

nitrobenzene monolayer but does not completely displace the diazdeiiwved layer.



Two-component, mixed molecular layers comprised of diazordanved NAB
and dodecanethiolate (DDT) were prepared using a sequential deposition approach. The
aryl compoent is first deposited electrochemically, followed by immersion in a solution of
DDT. We will demonstrate that control over the composition of the layers can be achieved
by manipulating the concentration of NAB diazonium cations at the electrochemical
gratting step. The mixed layers were characterizeceligation-absorption spectroscopy,
atomic force microscopylectrochemical blockingand xray photoelectron spectroscopy.

The electron transfer kinetics BE(NHs)e 2"

were examined at the mixed layer
electrodes. The kinetics are highly dependent on the relative proportions of NAB and DDT
present and the thickness of the NAB component.

The NAB:DDT mixed films were employed as the molecular layer in molecular
electronics junctions. We examined the suiiigtof Al ;03/Au top contacts for these

junctions. Junctions for which the molecular layer was mostly comprised of DDT showed

an increased failure rate.
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Chapter |

Introduction

1. General Introduction

The chemical alteration dlfie surface of a materjair simply surface
modification,is both a clever strategy and a powetfdl. The premisdehindthe
modification ofa surfacds to changéts surfacechemistryin a way that makeis more
useful,while retaining its desirable, inherebtlk propertiesPainted surfaces, anti
reflective coatings on sunglasses, and-stitk cookware all demonsteadayto-day
examples of the usefulness of modified surfadéthough the examples get more
complex in the realm of surface science, the principle remains the Isatine .context of
contemporaryesearch and developmeapplications teurface modifichon span
several subjects, includirdpemical and wear resistaethnologieg™ adhesiorf
sensrs ® biocompatibility,” 8the fabrication of mimelectronic circuitry” *° molecular

1118 and separation *

electrorics,
Surface modification is arbad concept and to name every possiblabination

of material andnodificationstrategywould result in arenormousdist. More pertinent to

thisthesisis the modification of a small subset of this list, namely, electrode maténals.

1964,Boehm and cwmorkers first demonstrated that a graphitic carblectrodesurface

could be thermally oxidized to produce a surface of carboxylic acid gfdups

Recognizing the need to attach molecules to a ®utfgeneans other than mere



adsorptionWatkins and coworrs followedup on this novel idea by subsequently
attaching optically active amino acidsttese surfacearboxylic acid groups viamide
linkages. Theysummarizedheir motivations to the publishe one, brief statement

which reads Sif Although electrode surfaces can be altered by adsorption it would be
of interest to more drastically and permanently modify the surface by covalently binding
mo | e c u | *Daring the sante tindeframe, Lane and workmrslished the first

account of chelated metal centers attached to platinum suviadesC bonds with

olefinic sidechains?! Theysubsequentlgxamined the electrochemical behavior of the
tethered redox centerlStom these two novel studiebgtconcept of a chenally

modified eleatodewas born.

2. Chemically Modified Electrodes

Chemically modified electrode€MES), so named by Murray and coworkemsg
prepared byhe chemical attachment of one or more layeisrgénic functional groups
to the surface of an elgode? This is usually done to give the electrode sirdel
property for example, a surface charge or a specific chemical reacthatgescribed
above, this has classically been achieved by covalently linking engalhic molecules
to preexisting surface functional grougdodern definitions of CMEs have expanded to
includethemedor whichthe molecular moiety is attached to the surfacealbtypes of
adsorption.e. bothchemisorption anghhysisorpton. Chemisaption entails aelatively
strong interaction betweehd adsorbate and the surface. Thadudes both covalent and
ionic interactions. Physisorption differs from chemisorption in that only weaker, Van Der

Waals forces are typically involvedlthough ths seems countgroductive to the



original intentions of Watkins and coworkethese new strategies have 1e the
development of some very useful interfacHse rest of this chapter provisla review of
the most widely used methodologies to produceESNDue to the large number of
existing strategies thisst will, by no means, be exhaustive. Rather, it give reader a

good sense dhe strategies that acairrently available.

a) Polymer-film CMEs

A variety of strategies have been useddat electodes with polymes. These
includedrop casting® dip coating?® spin coating organosilane bondirg
electrochemical precipitati¢il and plasma discharge polymerizatfPolymers are
typically physisorbed to the electrode surface. In soasesattachment is achieved by a
covalent interactionrSome of the most widely studied polynfiéém CMESs are described
below.

Redox polymergontainan electroactivgroup in therepeatunit (i.e., monomer)
Theyrepresenan interesting class of polym&m CMEs. The redox polymer, pog-
aminophenol for example, is typically deposited electrochemidcaligrge transport in
redoxpolymerfilm modified electrodes ishtought to occur by afelectron hopping
mechanisnwhere electrons hop between oxidized and reducedirsites film.?°

Electricallyconducting polymergtherwise knowna8 or gani c,0ehavevéer od
received cosiderable attention because of their potential applicaitoagganic
batteries, electrochromatic displays, and electrocatabygstron transport in these
polymers occurs by a band conduction mechanism similar to that of imetals

semiconductorsThe nost widely used organic electrode, polypyrragaypically



deposited by electrochemical polymerizatitirhas been proposed that polymers like
polypyrrolecan be reversibly switched between conducting and insulating states by
electrochemically convertinthem to an oxidized form on the electrgde

lon-exchange polymer films are also a subject of great interest. These films are
characterized by having an exchangeable, ionic component in their str@zteref tle
most widely used ioxchange polymers Nafion®. Nafior, a registered trademark of
the DuPont companys a tetrafluorethylendased polymer with sulfonat&SO;H,
groupsincorporated into its structure. The protons on the sulfayratgpsreadily
exdchange with charged electroactive species in solufibrs permits theiptake of ions
into the polymer filnr™® It is typically spin coated or drop casito the electrode surface.
Nafion® has also received considerable attention as a proton conductor in fuel cells due

to its inherent thermal and mechanical stability

b) Organized Monolayers

Organized monolayers are characterized by an ordered array of surfactant
molecules vertically (or neaertically), oriented at the electrode surfataere are two
types of organized monolayeiBhese are Languir-Blodgett monolayers (LBMsand
sdf-assembled monolayers (SAMs).

LangmuirBlodgett Monolayerd.BMs are preparefly the controlled transfer of
a monolayer of surfactant molecules from arveater interface to a solid material. The
surfactant molecule typically has a polar head group and a hydrophoBicueilre
Classically fatty acid saltsre employeds themolecular unit. LBMs are often

comprised of the same types of molecules found in living organesigsphospholipids



andfatty acids) andherefore shovgreat promise for modeling and understanding
biologicalmembranes.
Although LBMswere first reportedh the 1938, several aspeats their
preparation have prevented their use in angeno, practical devices. FirdtBMs
require extremely meticulous preparation methodoloHigsaddition, the films often
lack reproducibity and typically contain many defect sitésAnotherlimitation of
LBMs is the surfactant molecule is restricted to having no more than a single, polar
functional group™ Finally, the interaction between the substrate and molecule is often
weak and usually amounts to hydrogen bonding or Van Der Waaladtitas.
Consequently, LBMsftenhave poor thermal stability® For these reasonsionolayer
assemblies other than LBMs are usually adered for practical applications.
SeltAssembled MonolayerSAMs are typicallycomprised of surfactant
molecules that spontaneously saffjanize into compact, wetirdered molecular
assemblies at a surfadéhey are renowned for the edsewhich they ae prepared
which usually amounts to immersing the surface of interest in a dilute solution containing
the surfactant moleculén some cases a gentle heating step is required to accelerate the

selfassembly process.

Organothiolate SAMs
Themost thorougly characterize@nd widely useAMs areorganothiolate
SAMs prepared by thepontaneouadsorption of organothiols organadithiolsto Au

surfacedrom dilute solutions in organic solvents (typically ethanol or hexanes). These
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Figure 1.01.The formation of a SAM of a & o-substituted alkanethiol at a Au surface.

SAMs provide a convenient wag produce a surface of chemical functional groups.
Typically thisrequires the adsorption of a SAM of arsubstituted alkanethiol of the
form: HS(CH),CH,X , wher e 0Xi®a chemical fanttional grund,
CO,H, NH,, OH, et.® X-ray photoelectron spectroscopy (XPS) stsdiave revealed
the thiols adsorb to the Au surfacetii®lates, RS, where R is the substituted alkghain
portion of the moleculd’ Figure 1.01 illustrates the formation of g@-substituted
alkanethiol SAM.The tail groups are oriented at-30°, with respect to the surface
normal, to accommodate the spacing of the S atoms at the samfhtight packing of
the chais® The formation of a SAM frondisulfidesis similar, althoudh the SS bond
dissociates upon adsorptithThe chemical equations théescribethiol SAM formation,

for thiols and disulfidesareshown inEquations 1 and®:

Au+ HS(CH,), CH, X —2E% _, Ay §°CH,(CH,),CH,X [1]



2Au +[S(CH2)yCH2X_|2_H¢)2AU— S'CH,(CH,),CH,X [2]

Goldis most often employed as the substrate for thiolate SAMs. The principle
reason for this is that gold does halve a stable surface oxide (at standard temperatur
and pressurewhich simplifies the substrate cleaning/preparation process. Other
materials have successfully been employed as substrates for thiolate SAM formation.

37.39platinum* mercuy,*! iron** andgallium asenide*

These include coppgf silver,
Thiolate SAMs formed on sonud these other surfaces differ, considerably, in terms of
their structure. For example, SAMs on Cu contain many defects and are not as compact
as those formed on Al The usefulness of a thiolate SAMs is tyiig related to the
compactness and crystallinity of the tail groups, though this certainly depends on the
particular application. Highly compact SAMs that shield the substrate from the ambient
or solution are usually sougl@®n Au, alkang¢hiolate SAMs fomwhich2 0 O tend® 1 4
exhibit a high degree of crystallinity with respect to alle/l chains presumablylue to

higher interchain VVan Der Waals forc&8Conversely, for YO8 the alkyl chaingend to

be more liquidike andhighly disordered*

Formation of Authiolate SAMs occurs in two distinct step8he initial step isa
diffusion-controlled, Langmutadsorption process anddependent on the thiol
concentrationDuring this initial step, a lessrganized, incomplete monolayer is formed
on the order of minute3.he knetics largely depend on the strength of the suiffeee

groupinteraction and probably depend on the electron density around the sulfiufato

The second step requireeveral hours and can be described as a surface crystallization



process where the alkyl chaireorganizento a wellordered, compact, twdimensional
structure.

While the reportedtrength of the At bond iquite high {.e., 30-40 kcal/mo),
the exact nature of the interaction between the thiolate and the gold substrate is not fully
understood?® It is argued the bond is ionic although, to our knowledge, no direct
evidence to support the presence of oppositely charged ions at the seidaéei() has
been put forth. In addition, the fate of the hydrogen atesssnot been unveiled.
Investigators have suggested that H atoms are producedamdhline rapidly at the
surface Molecular hydrogen gakpwever hasnot been detected while these SAMs are
formed

Though thiolate SAMs provide a fast, convenient wagasftrolling the
chemistry of these surfaces, they do not come without limitations. On Auchang
alkanethiols will displace shortehain thiols on the surfaé® In addition, investigators
have reported that thiolate SAMEart toshow thermal instability at temperatures over
50° C* It is generally accepted that formation of thiolate SAMs is gaceby the
thermodynamic principles of chemical equilibria and therefore the films are potentially
less useful in norquilibrium conditios. Thus, in situations where thdsaitations are a

concern, other surface modification strategies may be moretiatrac

Organosilicon SAMs
SAMs can also be prepared by covalently linking organosilicon molecules to

hydroxideterminated metal surfaces and metal oxide surfaces. The most widely used



organosilicon derivatives are alkylchlorosilanes alkylalkoxysilanesThe
organosilicon derivative is affixed to theetalsurface by the formation of a-Ka-Si
linkage, where M ighe metal atominterest in he modification ohydrated silica
surfaces vi&i-O-Si linkagesbegan in thd96Gs. Lee provided some of the firstsights
into the mechanistic details pertaining to the attachment cherffifogh
trichlorosilanes and tkoxysilanesare converted to silanetriols in the presence of trace
amounts of moistur® The silaretriol first adsabs to the surface via hydrogéonding
to the free OH&saddiboh, he OHgrouwps of reeidoufing, @dsorbed
silanetriolshydrogenbond to each o#r. Gentle heating then induadshydration
reactiors that simultaneoug crosslink neighbouring silanetriols via gilether linkages
and covalently attach the polymer to the surfddggure 1.02 shows the surface
polymerizationreaction forsilanetriolsadsorbed to a hydrated silica surfaRes

typically anw-substituted alkyl chain, similar tbose inm-substitutedalkanethiolate

SAMS.
R R
VSN
HO—S||—O-.___'H/O—S||—OH H,0 Ff Ff
N AN Si——0——Si—0
oA oA | |
i i i L
S /////s//////
Si i

Figure 1.02 The surface polymerization reaction for organosilane derivatives adsorbed
to a hydrated silica surface.



Organosilane SAMs have not been as extensively diesized as organothiolate
SAMs. Itis, however, known thatenselypacked, truenonolayersare formed and are
generally devoid of surface imperfectiofis It has been proposed the alkyl chain
portion of the organosilane is oriented at 10° from the surface ndtinakstigators
haveshownthat island formatioplays a key role in the growth of the monolayer
structure®® In a recent studyt was shown that monolayer growth occurs in two, distinct
steps’? In the first step a highly disordered, incomplete monolayer is fomitida large
proportion of gauche defects in the alkyl chains. This is followed by a second, slower
step where complete coveragadhieved and the alkyl chains adopt an orderedraais
configuration.Organosilanelerived SAMs are also known to be extremely moisture
sensitive during both the preparation phases and after complete formation.

CMEsbased orsilanechemistry werdirst reportedoy Murray and coworkers.
Theydemonstratethe covalent attachment ofalkoxyalkylaminesilane derivatives to
SnG,>% **Ti0,,°% **glass™ glassy carbof® RuG,,>* **and Pt/PD.>* *®Their work also
demonstratedrganosilae derivatives can be used to anchor electroactive groups like the
methylpyridinium ionto these surfaces. The surfam@aund methylpyridinium ions can

then be characterized using electrochemical methods such as cyclic voltammetry.

c) Aryl Layers Derived from Aryldiazonium Cations

The use opara-substituted aryldiazonium cations to modify surfaces began in
1992 when Pinson and coworkers modified a glassy carbon surface by electrochemically
reducing 4nitrobenzenediazonium cations in solutfériThey proposed that this

occurred via an aryl radical intermediagemilar to the mechanism by which aryl radicals
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can be electrochemically gentd from aryl halides and aryl sulfid&sit is now

generally accepted that, once an aryl radical is generated in the diffusion layer of the
electrode, it will covalently attach to the graphitic ring structure of the carbon electrode.
This is knownto be true for glassy carbgh **carbon fiber composite materi&fshighly
oriented pyrolitic graphite (HOP(} *?and pyrolized photoresist films (PPR)%*

Films generated in this manner were once thought to be monolayers, although
now it is well established that multilayered structuresy beproduced™® ®?It is
hypotheszed that aryl radicals attack the aryl groups ihiéially bind to the electroddo
form polyphenylene chain¥he overall scheme for the modification of a surface by the
electrochemical reduction of an aryldiazoniuatian is depicted in Figure 1.0Since
there is flexibility in the choice of the R group, a surface of a variety of chemical
functional groups can be created, R could be NH, CO,H, OH, etc. This idea can be
followed-up with classical organic transformation chemistries, and theredsréhk
potential to produce an enormausmber of surface chemistries.

The number of literature reports showing that aryldiazonium cation reduction can
be applied to substrates other than carbon is increasing rapidly. This strategy has now
been applied twarious metals (Co, Ni, Fe, Cu, Pt, Pd, A&u¥ Si®" ™" "* "and GaA$’

For some of these newer substrates, the nature of the interaction between the surface and
the aryl moiety has been determinEdr Fe surfaces, there is direct evidence of a€ Fe
bond® On Cu surfaces, it has been shown attachment occuasGuigD-C or a CuC

bond depending on the Cu surface preparatfoAlthough therds nounambiguous

evidence for a AtC bond on Au substrateasyestigabrs have put forth some very

compelling eviénce that attachmeo&n occuwia azo linkage.”> "> The possibility that
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Au-C covalent bonsl contributeo the attachment has not been ruled out.

Investigations of diazoniurderived aryl layers on Au were initiated Wautrin-
Ul and coworkes® They studied nitrobenzene (NB) layers that were electrochemically
grafted to Au. Following their derivatization procedures, the substrates were cleaned in
an ultrasonic bath artdansferredto a blank acetonitrile solution with supporting
electrolyte. hey demonstrated thabfadaic peaks from the electroactive nitro groups
could still be observed using cyclic voltammetry. This result suggested that the layers
were tightlybondedo the Au substrate.

Bélanger and coworkers recently carried out addpth study of diazonium
derived layers on A’ By performing a coupled quartzystal microbalance/
chronoamperometry experiment, they observed that their@tbeimical grafting
procedures were inefficient. Only 35% of the radicals generated during the deposition
attached to the surface. Despite this observation, aryl layers comprised of nitrobenzene
(NB) and diethylaniline (DEA) groups provided a significalec&rochemical barrier
effect to Fe(CNy**. By contrast, carboxyphenyl (CP) layers did not provide a noticeable
barrier effect. Further, the NB, DEA, and CP layers were not significantly perturbed by
an ultrasonic rinsing treatment. This result demotedrthat there is a strong interaction
between these layers and the substratebut that the functional group on the phenyl
ring does affect the overall layer structutevasfurther demonstratetthat NP, DEA,
and CP filmsvere much thicker than a mdager, a similar result to what is observed for
carbon substraté3

The prospect that a AG bond couldirectly link the aryl groups to a Au surface

provides the motivation to investigdtee electrochemical reduction of aryldiazonium
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cationsas a viable mearte modify Au surfaces. The disadvantages of thelfalate
interaction also contribute to the drive. Thiolates are prone to thermal desorption from Au
surfaces. They are also prawoeslectrochemically induced desorption at potentials with
absolute values greater than 800 r&/Ag/AgCl.”® These limitations warrant the

investigation of other strategies to cheatly modify Au surfaces.

Research Objectives

At the time my thesis research began very littls kvedown about diazonium
derived aryl layersn Au surfaces. As such, my objectiws to investigate the structure
and stability of these layerd.Wwas my ntention to examinée extent to which the
depositedhickness of the layers cée controlled (and measured). Fouti@nsform
infrared reflectiorabsorption spectroscopy (HRRAS) and electrochemical blocking
methodsservedasthe analytical tooldo evaluate the thermal and mechanical stability of
these layers. A direct, sid®/-side comparison of the stability of aryl layers deposited
electrochemically from diazonium salts to SAMs of the corresponding arotmializte
analoguevasmade Efforts werefocused on determininghether the strength of the
interaction between Au and the diazontderived aryl groups supersedes that of the Au
thiolate bond.

It was also my intention to examine whether diazonidenived aryl layers can
cooperatively exist orhe same gold surface as alkanethiolate molecles a mixed
molecular layesetting | will discuss the potential applications of this phenomeRon
example lobserved how such structures behaved in molecular electronics d&adnes

of the quesbins Iwill address ee: Will the aryl groupshowenhancd electrical

14



conduction when compared to the alkanethiolate mole2idespossible to observe
localized differences in electrical conductivity in these layers? If so, can it be shown that
this isdue to different locdilm structure® The answers to these questiovil be

addressed herein.
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Chapter I

Diazonium-Derived Nitroazobenzene Layers on Gold

1. Introduction

The electrochemical reduction of substituted aromatic diazonium salts is a
versatile means to chemically alter the surfacanoélectrically conductive material such
that a desired chemical functional group is exposed ahtukfied electrode surface.
Versatility is imparted by the ease at whpara-substituted aromatic diazonium salts,
with virtually any reasonable substintecan be synthesized uginlassical synthetic
procedures.A wide rang ofaromaticamine precursorare availableThis methods
suitablefor modifying a wide range of electrode materials, most notably cefBdt is
suitedto applications that require a thin (20 nm) molecular layawith a particular
functional group exposed at the modified surfdaeo areas of research where
diazoniumderived organic layers have shown great promise are biogéiisimd
molecular electronic¥®*

Pinson and coworkers first demonstrated the aryl substitf apara-substituted
aromatic diazonium salt can readily be attached to the surface of glassy carbon through
electrochemical inductin® The continued investigations by Pinson and other
investigators have revealed much information about layers created by this method. For

carbon substrates, it is known that the films are quite stable towardtelomgxposure
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to ambient conditionand ultrasonidéon in several organic solventsThis led to the
notion that a carbenarbon bond is formed between #rgl group and the electrode.

In the last decade materials other than carbon have been investigated as plausible
substrates for this modification scheme including m&t&isind semiconductors:*##?
With these new substrates, details of the attachment chemistry between the layer and the
substrate are actively being investigated. For metallic substrates investigators have
reportedevidence that a ni@-C bond is responsible fdixation of the layer to the
substrat>*®*McCreery and coworkers have shown that metal oxides play a key role in
the attachmet!’ Bélanger and coworkers have provided compelling evidence that in
addition to a metaC bond, azelinkages also play a role in the attachm®@t is
postulated that azlinkages could serve as a direct link to the substrate or they could
provide a means of linking additional aryl groupsit@already existing layeforming a
multilayered film structure. It is equally possible that both of these scenarios coexist.

Despitenumerous studies, a complete understanding of the strength and nature of
the attachment of the layer to the substrate has yet to be unveilec @$pecially true
for metallic substrates. While metzdrbonbonds are known for metals @@ordination
compound, the existence of covalent bonds between carbon and a metal surface is less
establishd.?*?*|t therefore follows that more research is necessary to better address the
attachment chemistry that is involved for diazoniumwel layers on metals.

The aim of this chaptas to providea preliminary assessment of organic films
depositedn polycrystalline gold electrodes by the electrochemical reduction of
nitroazobenzene diazonium catiombe grafting of NAB substituents gwld without

electrochemical induction asalso explored in parallé® This can be considered an
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analogy to setassembled thiolate monolayers ondfSt?’ A key subject will be the

stability of the layessubstrate interaction for NAB layers deposited using these methods.
The strength of the interaction between the diazordenived layes and the gold

will be explored primarily by subjecting modified electrodes to two separate treatments.

These two treatments are thorough sonication in organic solvents and lengthy immersion

into a dilute solution of a longhain aliphatic thiol. The abii of the NAB films to

endure other treatments such as exposure to intense heating, intense UV irradiation, and

resistance to electrochemical desorption will also be investigated. The techniques of

infrared reflectiorabsorption spectroscopy (IRRAS) andatochemical blocking will

be employed before and after each treatment and a subsequent comparison of the results

will be made to quantitatively assess the effect on the NAB layer.

2. Experimental

Preparation of Gold Substrates Gold was depositeaito glass microscope slides via
thermal evaporation using 99.99% Au shot (Goodfellow). The final thickness of the gold
layer was 100 nm for all substrates in this study. A 6 nm layer of Cr was used in between
the glass and gold film to enhance adhesion. Aléglsubstrates and glassware in this

study were cleaned using hot piranha solution (1:4 3026:H,SQOy) followed by

thorough rinsing with deionized (18adV/filtered H,O (NANOpuréﬂE water purification
system, Barnstead International, Dubuque, lowa). Substrates were blown dry using Ar
gas. Warning: Piranha solution should be handled with extreme care; it is a strong
oxidant and reacts violently with manyganic materials. It also presents an explosion

danger. All work should be performed under a fume tood
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Electrochemical Deposition of the Aryl Films 4-nitroazobenzenediazonium
tetrafluoroborate (NABDF) was synthesized according to procedures published by
Starkey' Tetrabutylammonium tetrafluoroborate (TBABF ( 099 %) was used
(SigmaAldrich Canada Ltd., Oakville, Ontario). Spectroscopic grade acetonitrile was
also used as received (Caledon Laboratories Ltd., Georgetown, Ontario). Prior to surface
modification, all gold substrates were subjected 1d® min cleaning in a Model 42

UVO® commercial ozone cleaner (Jelight Company, Inc., Irvine California). Following

the ozone cleaning, the substrates were stirred in anhydrous ethanol (Commercial
Alcohols Inc., Brampton, Ontario) for 10 min. Electrochemhgrafting of the aryl layers

to the gold substrates was achieved by cyclic voltammetry using a software controlled
Model AFCBP1 bipotentiostat (Pine Instrument Comp&mpve City, Pennsylvania).

For all nonaqueous electrochemistry the reference eldetomnsisted of a silver wire
submerged in a 200 mM AgNQ@olution in acetonitrile with 0.1 M TBABE A platinum
wire/platinum mesh assembly with adequate surface area served as a counter electrode.
All electrochemical depositions were carried out by swegfhe potential from +300

mV t0-900 mV at a sweep rate of 200 mV/s, and a diazonium salt concentration of 1 mM
in acetonitrile with 0.1 M TBABE Diazonium salt solutions were deaerated for 10 min
with Ar gas prior to all depositions. Following the nfadition, samples were

thoroughly rinsed with acetonitrile, blown dry with a gentle stream of Ar gas, and used
immediately with minimum exposure to the ambient.

IRRAS. IRRAS spectra were collected using an ATI Mattson Infinity Series Fourier
transform infared (FTIR) spectrometer equipped with a liquid nitrogen cooled mercury

cadmium telluride (MCT) detector. Thepwlarized IR beam was incident on the gold
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surface at an angle of 80° with respect to the surface normal. A total of 1500 scans were
averageddr each experiment at a resolution of 4’cifihe interferograms were Fourier
transformed using triangular apodization. A gold slide modified with a SAM of
CD3(CD,)16CD,-SH was used as a reference.

Electrochemical Blocking Studies Ferr ocen eAldiicOGadady Ltd, Si g ma
Oakville, Ontarig was used as resgd. Solutions were deaerated for 10 min with Ar. A
3-necked inverted electrochemical cell was clamped to a modified/unmodified electrode
surface with a solvent resistant, Vitofring (6 mm diametg in between to define the
electrode area of 0.28 énPotentials were measured with respect to an Ag wire
submerged in a 200 mM solution of Aghl@ acetonitrile

Ultrasonication Procedure.Modified electrodes were placed in a sealed glass jar
containirg the appropriate organic solvent. folfel 275D TRUSWEEPY

Ultrasonicatoi(Rose Scientific Ltd., Edmonton, Alberta) operated at the maximum

setting was used to ultrasonicate all samples. Samples were sonicated in acetonitrile and
then acetonéHPLC grade© 9 9 %) <{AlBriclgQarsada Ltd., Oakville, Ontariéyr

15 min each. The bath temperature was maintained at room temperature with the addition
of ice for the duration of the procedure.

ODT Displacement Reactions Octadecanethiol (ODT, 98%) was used a&eireed
(SigmaAldrich Canada Ltd.). Cleaned gold substrates were immersetl inM ODT
solutionin ethanol. All solutions were deaerated with Ar gas for 10 min prior to the self
assembly process.

UV Irradiation Procedure Modified electrodes were piad under a standard Ul&mp

used for visualizing spots on thiayer chromatography plates for one hour.
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Reductive Desorption Procedure Potassium Chloride (099 %)
hydroxide (>99 %) (Fisher Scientific International, Hampton, New Hampshire) were used

as received. All agueous solutions were prepared by dilution withgl8eibnized HO,

and bubbled with Ar for 10 min prior the analysisThe potential was cycled between O

mV and 1500 mV at a sweep rate of 25 mV/s. Potentials were measured with respect to

an Ag/AgCI (saturated KCI) reference electrode using the same counter electrode

described above.

3. Results and Discussion

3.1 Investigation of Layer Deposition Parameters

The purpose of this section is to establish a relationship between the choice of
deposition parameteedthe amount and quality of layer deposited. Nitroazobenzene
diazonium fluoborate (NABDF) was empled because the resulting surfdmended
nitroazobenzene groups produce strong absorptiathe mid-IR regionThis allowsfor
guantitative detection using HRRAS. Three sets of deposition conditions were chosen
for an initial study: 1 mM NABDF and 2 tammetric cycles, 1 mM NABDF and 15
voltammetric cycles, and immersion in 1 mM NABDF for 24 hours. For the electrodes
derivatized electrochemically, the naming convention used throughout this chapter will
be -diy)xcl eo, wher e X de nmetriecycles used inthe deposition o f v
process. Fooy elxeadnpe leeat m?de i s one in whioct

from +300 mV to-900 mV, at 200 mV/swere applied using cyclic voltammetry. The
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final condition involving simple immersion into tleeposition solution will be referred to
as a spontaneously adsorbed (SA) approach to film deposition throughout thijs thesis
since no external externally applied potentials were used.

The sets of cyclic voltammograms for typicatycle and 15cycle depogions of
NAB to the surface of a gold electrode are shown in Figures 2.01 and 2.02, respectively.
For both of these conditions the first two cycles are nearly identical, as expected. The
cathodic peak centered-@t1 V is associated with the productionNAB radicals in
accordance with the currently accepted mechanism. Basediandependent
measurements the average magnitude of this peak during the first depositioncycle is
2400 + 20QuA. Following the first cycle, the wave is diminished to an undetectable level
which suggests that the electrode is coated with a sufficient layer to inhibit further
diazoniumcationreduction.

Careful inspection reveals that the reduction wave is unsynwalefl his could
be due to the presence of a weak shoulder at potentials more negativeOdf W@eak.
The observation of two peaks in the voltammogram has previously been reported for the
deposition of nitrobenzene groups to glassy carbon electusites anin-situ methal 28
Similar observations were made by Downard using glassy carbon suisfStiate
origins of this second peak are unknown, although it has been sugfestédould be
associated with the reduction of the raditsg!f.>°

At more negative potentials (6.8 V) a sharp rise in the current is observed. This
current rapidly decreases with each additional cycle. We suspected that this is due to
solventrelated process. However, the blank trace in Figure 2.01 (0.1 M TB&BF

acetonitrile) provides evidence contrary to this argument. In a separate report by Pinson it
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Figure 2.01. Cyclic voltammogram for a-2ycle deposition of nitroazobenzene groups
to a gold electrode from 1 mM NABDF in acetonitrile with 0.1 M TBARBEpporting
electrolyte. Scan rate: 200 mV/s.
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Figure 2.02. Cyclic voltammogram for a xBycle deposition of nitazobenzene
groups to a gold electrode from 1 mM NABDF in acetonitrile with 0.1 M TBABF
supporting electrolyte. Scan rate: 200 mV/s
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was suggested that a similar peak was produced from the reduction of nitrobenzene to its
radical anion when nitrobenzegeoups were grafteatcarbon fibers in aprotic
media®'By analogy this peak could be duethe reduction of nitroazobenzene to a

nitroazob@zene radical anion.

3.2 Quantification of the NAB Layers by IRRAS

IRRAS was employed to investigate the structure of the NAB layers
spectroscopically. The fingerprint region of the IRRAS spectrum foregeltrodes
modified using three diffent conditions is depicted indture 2.03. A 1Ecycle
deposition produces the highest band intensities, 2 cycles produces an intermediate value
and the SA method produces the lowest values. Since IRRAS is an absgitinque,
the NAB band intensities should be directly proportional tatheuntof NAB groups
onthe gold surface. In addition, the IRRAS selection rules for thin films at metal surfaces
dictate that only vibrations for which a componenthaftransition dipole moment is
oriented perpendicular to the gold sué wil produce an appreciable sigrialThus
changes in band intensities as a function of the deposition conditions can be attributed to
two effects, namely: differences in amount of NAB deposited and an orientation effec
However, based on work that will be presented inpidre8 of this thesis, we believe that
orientation effects are minimal for diazonitderived NAB layers. We will assume that
changes to the band intensities are solely due to changes in the amoABt gfdups

bound to the gold surface.
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A summary of the band positions, their respective assignments and average
obseved intensities is provided inable 2.01. As a general commghe IR spectra of
most organic molecules that contain a nitro group isidated by a strong symmetric
nitro stretch at ~1350 cfrand a strong asymmetric nitro stretch between ~1500 and
1550 cni. The bands at 1347 ¢hand 1525 crl are therefore assigned to these
vibrations respectivelybecause they display the highest isigy. The band at 1525 ¢
also displays a shoulder at a slightly lower wavenumber. This shoulder is assigned to
stretching of the aromatic-C bonds of the ring structures. We make this assignment
because typical aromatic compounds exhibit a pair efcétes at ~1600 cfrand ~1500
cm* and therefore the shoulder, together with the peak observed at 180 dikely a
member of the pair.

The bands at 1141 ¢hand 1109 ci are assigned to the pheryN and phenyl
NO, stretctes (respectivelyand hae been previously discussed in the literaftiThe
peak at 1457 crhis assigned to the N=N azo stretch. Finally the band observed at 861
cm’is assigned to the ouff-plane (ooparomatic GH bending vibration.

The absorbance of the symmetric nitro stretch at 134% 8m47, was used as a
diagnastic to assess the relative amounts of film deposited. Its presence is unquestionably
associated with the presence of the nitroazobenzene groups on the surface. This band was
also chosen because it is the most intense band in all three of the speutnag &ip
good statistical treatment in terms of sigt@hoise (S/N) ratios. The results show that
~33 % of the nitroazobenzene groups affixed to the surface durity@e2deposition
are affixed by mere immersion in the deposition solution for 24 halirsther things

being equal. This would suggest that grafting by electrochemical induction is a more
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Figure 2.03. IRRAS spectra for nitroazobenzene layers attached to gold using a 2
(solid), 15 (dotdash) cycle deposiin via cyclic voltammetry and by immersion in a 1
mM NAB solution with 0.1 M TBABR supporting electrolyte for 24 hours (dash).
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position (cm™) absorbance (10° AU) assignment
2-cycle®
1600 3+0.3 C=C aromatic ring stretch
1525 4.7+0.3 asymmetric NO, st r gfos h
1457 04+0.2 N=N stretch
1347 7.3+£0.6 symmetric NO, st r efof h
1141 1.1+£0.3 phenyl-NN stretch
1109 1.2+ 0.3 phenyl-NO, stretch
861 1.6+0.2 C-H oop deformation
15-cycle?
1600 43+0.1 C=C aromatic ring stretch
1525 59+ 0.1 asymmetric NO, st r efo8 h
1457 05+0.2 N=N stretch
1347 9.0+ 0.3 symmetric NO, st r gfof h
1141 1.1 £ 0.004 phenyl-NN stretch
1109 1.5+ 0.001 phenyl-NO, stretch
861 1.9+0.1 C-H oop deformation
SA®
1600 1.3+ 0.1 C=C aromaitic ring stretch
1525 19+ 0.1 asymmetric NO, st r efos h
1457 negligible N=N stretch
1347 24+1.1 symmetric NO, st r gfof h

°Statistics are based on 2 independent measure8tsstics are based on 3
independent measements.

Table 2.01.Average peak intensities and assigned identities for the IRRAS spectra of
gold electrodes modified with NAB groups using different deposition conditions.

34



efficient process since significantly more material can be attached imthegquired to
perform cyclic voltammetry (in this case 24&srds)than the 24 hours used in the self
assembled sample.

For a 15cycle depositionA;347increases by 24 %, when compared tecyde
deposition. Our interpretation of this result is th&t2 more material is deposited. This
suggests that the amount of material deposited does not scale linearly with the number of
cyclesused. Further, the data suggisit the bulk of the material is deposited during the
first two cycles of a mulicycle dgosition. An averag@ iz47value of 7.3 mAU is
obtained following a Zycle deposition alone, whike;347increases by only 1.7 mAU
after 13 additional deposition cycles. It is also reasonable to conclude that the bulk of the
material is deposited durinbe first cycle alone since this is the only cycle for which

Faradaic current a0.1 V is observed.

3.3 Effect of the Deposition Method on Film Structure

Considering the IRRAS selection rule, we felt that an analysis of certain band
intensity ratios wuld provide additional information on the structure offtimes. To
elaboratethe relative intensities of certain bands produced from the bound NAB groups
will be highly dependent on the structure of the network of interlinked NAB groups
themselvesA film that is characterized by many randomly oriented NAB groups will

likely produce an IRRAS spectrum that is considerably different from that proyeed
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film with a more ordered, regular structure. Hibsorbanceatio of the symmetric nitro
stretch tahe asymmetric stretch\ 347/ A1s25 IS perhaps the most appropriate value to
discussThese tware the most intense bands and the vibrational modes that they
represent are relatively simple with only three atoms involved. A table summarizing this
ratio, for the three deposition conditions explored, is presented in Table 2.02.

The averag@\ 347/ Aiszsvalues for electrodes modified usingycle and 15
cycle depositions are 1.57and 1.51, respectively. Our interpretation of this result is that
the filmslikely havea similar structure. In contrast, the averages;/ Aiszsratio for the
electrodes modified using a SA approach is significantly lower (1.25) which suggests this
film has a different structure than the films prepared electrochemicallyAThe Ai1sos
ratio was also measured for a pure NABDF powder sample and was found to be 1.45.
Based on this data, we surmise that the films prepared electrochemically contain more

structural similarities to NABDF powder. Powdered samples will likely haolecnles

Sample Aq347/ Agsas
NABDF Powder? 1.45

NAB-Au (2-cycle) 1.57£0.01
NAB-Au (15-cycle) 1.51 + 0.02
NAB-Au (SA) 1.25 + 0.06

4Collected for freshly synthesized NABDF using an FTIR microscope setup.

Table 2.02 The average ratio of the intensities of the symmetric and asymmetric nitro
stretch peaks for gold electrodes modified with NAB usirgrycle and 1&ycle
electrochemical deposition, and with no electrochemical induclioa results are
averages of two independent measurements.
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with random orientations since individual powder granules are not confined to a specific
orientation. This anA1347/ Ais2svalue of 1.45 should be representative for a sample
containing NAB groups that exist in random orientations. The data therefore suggests that
the electrochemically deposited NAB films are composed of NAB groups that are more
randomly orented, a configuration that is expected to prevail in highly branched,
multilayered structure.

Based on the collective results of this sati@nd the previous €é8tion 3.3, we
suspect that grafting with electrochemical induction favors a film strutttates
multilayered, with the NAB groups randomly oriented in space. We also strongly suspect
that grafting without electrochemical induction results in a film that is a monolayer in
thickness. It is, however, very diffittto make the latter statemeasith confidence,
because it is jesteaseldiokenuy tti hatyea fMlseps o
more thorough investigation of film thickness as a function of deposition conditions,

using scanning probe microscopy, in Chapter IV of thisishes

3.4 Assessment of Layer Quality Using an Electrochemical Redox Probe

A thin film deposited at an electrode surface can serve as a barrier to electron
transfer to and from the underlying electrode. A film that is compact and devoid of
imperfectionsvi | | exhibit a greater barrier effect
Chidseyet al.demonstrated this concept using SAMs of thiolate adsorbates prepared at

gold electrods?’ SAMs that adopted a closely packed, veeltiered structure impeded
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electron trangfr to Fe(CNY® in solution. Monolayers that took on a much more loosely
packed, disordered structure permitted electron transfer Fg(CR8rrocene was chosen
as a redox probe, in the present study, to assess the barrier properties of the NAB
modified dectrodes using cyclic voltammetry.

Ferrocene was chosen because it is a simple olitersphere redox species. It is
soluble in acetonitrile and thus quite compatible with the deposition solutions used to
prepare the modified electrodes. Additionaferrocene exhibits quaseversible
behav or at polycrystalline gold elecdrodes.
the voltage difference between the cathodic and anodic peaks of a cyclic voltammogram,
and the heterogeneous electron transfer rate of the electrode, k°, is well doduthente
Similar principles aresed in the present study to establish a relationship between
experi ment alpvajuesmeddhsoughl®m,cppapdnt electron transfer rates,

Kapd s, of NAB modi f i gvdluegdr elds clasel ® shose 1Beasuled E
for a bare, unmodid gold electrode are associated with highgs#°s , and very ef
electron transfer. They imply a |l ess compa
values imply a more compact film that shields the underlying gold electrode from
exchangingelectrons with ferrocene in solution.

Figure 2.04 contains a representative set of cyclic voltammograms, in 1 mM
ferrocene, at wunmodi fied and,vdluAsHronmbeda f i ed
voltammograms are tabulated in Table 2.03. All compasiswma made to the observed
o i for an unmodified Au electrode (280 mV). For the electrode modified via
spontaneous adsor pt jtw293 mVas osserved. ihere is astighte a s e

suppression of both the cathodic and anodic peak currgatsand }, anod respectively.
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Sample Pk (mV)

Bare Au 280
NAB-Au (2-cycle) 700
NAB-Au (15-cycle) immeasureable
NAB-AuU (SA) 293

Table 2.03T h e me a gvalues of fempEene using gold electrodes modified with
NAB using a 2cycle and 1E&ycle electrochemical deposition, and via spontaneous
adsorption.

Conversely, thelectrodes modified with NAB electrochemically produce larger
pEkvalues. A2cycl e el ectrochemical depwsition r es
700mV. The k%pp0f this electrode is much lower than k° of an unmodified electrode. In
addition, } camand panogare significantly reduced. This is indicative of a high surface
density of NAB groups. Similarly, a1y cl e deposi tpivaurthatissul t s i
essentially immeasurablg,cknand | anog@re reduced to very small values. These results
showthat NAB films deposited electrochemically block electron transfer to and from
ferrocene more efficiently than the NAB films prepared by SA methods.

To help understand these resudtsanalogy is drawn to SAMs of aromatic
thiolates on gold. Investigatonsve reported that monolayers prepared using thiophenol,
p-biphenyl mercaptan arterphenyl mercaptan do not completely block electron
transfer to Fe(CNJ™. *®* Based on these results, we believe that evenyzl2
deposition produces an NABil that is thicker than a monolayer of NABoups. The
results in &ction 2.2 indicate that the amount of material deposited durinecgclé
deposition is not muchreatercompared to the amount deposited duringcgde

deposition i.e., ~24 % more). Ths, the data in Figure 2.04 suggests that a 25 % increase
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in the amount of material results in a film that blocks electron transfer to ferrocene much
more efficiently. We hypothesize that this is because-eytke deposition promotes
films that support anore extended, multilayered structu@airrent transfer to/from
ferrocene likely only occurs at "pinhole" regions (microelectrodes) in these extended
films. The sigmoidal shape of the CV supports this hypothesis.
The results for the NAB films prepared b &re similar to the results reported
for monolayers of aromatic thiolates on gold. For these films, it is possible that the layer
IS not as compact in some regions or contains many imperfections. In such a case, it is not
expected that the films will bl&celectron transfer very efficiently. The SA films could

also be a monolayer thick.

3.5Resistance of the NAB Films Towards Harsh Mechanical Treatment

The stability of the NAB layers was assessed by subjecting the derivatized
electrodes to a thorough s@in an ultrasonication bath. A 15 minute ultasonication was
performed sequentially in acetone and acetonitrile, to ensure the maamuumt of
material would be removed. IRRAS spectra and cyclic voltammograms in ferrocene were
collected before and aftdne ultrasonication. IRRAS spectra for ultrasonicated electrodes
modified using Zycles are shown in Figure 2.05 and are representative for the results of
the other electrodes. Cyclic voltammograms of the ultrasonicated eleatnedssredn
the presene offerrocene are presented in Figure 2.06. An overall summary of the results

for all modified electrodes is presented in Table 2.04.
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Figure 2.04. Cyclic voltammograms for NABnodified gold electrodes ina 1 mM
solution of rrocene in acetonitrile with 0.1 M TBABBupporting electrolyte. The scan

rate is 100 mV/s.
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Figure 2.05. IRRAS spectra for nitroazobenzene layers attached to gold ushogcde?
deposition before (solid) and aftelaghed) ultrasonic cleaning in acetone and
acetonitrile.
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Figure 2.06. Cyclic voltammograms for ultrasonicated, NABodified gold electrodes
in a 1 mM ferrocene in acetonitrile with 0.1 M TBAB&upporting electrolyte. THdAB
was deposited usirg) 2 cyclesp) 15 cyclesc) without any externally applied potentials
(spontaneous adsorptip The scan rate is 100 mV/s.
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For electrodes modified with a@cle deposition the IRRAS results indicate that
approximately 10% of thiayer is removed by ultrasonic rinsing. We attribute this to the
loss of material that is weakly bound to the substrate. By contrast, approximately 90% of
the layer resisted the ultrasonic rinsing. This suggests that most of the material is quite
strongypound to the gol d substygvaueefthe domicatadd di t i ©
film is significantly reduced from 700 mV to 288V, almost to that of an unmodified
Au electrode. From this result it is apparent that the blocking capability of theidiims
significantly reduced after the weakly bound material is removed by ultrasonication.

Films prepared using a &fcle deposition display similar resyligith 12 % of
the material removed via ultrasonication. This result suggests that some-lveakty
material is also present when the number of deposition cycles is increaseoMatue
of the 15cyle electrode changes from an initially immeasurable value to 253 mV, a result
that is comparable to that seen for they2le electrode. Thus, the blocking ability of the
15-cycle film is perturbed by the ultrasonication rinsing.

TheNAB films prepared by SA display the largest change with respect to the
amount of materidbst during ultrasonication (2%). In addition to this the films display
s i mi |,aalues geffore and after sonication (293 mV and 288 mV, respectively). The
resuts imply that these films exhibit poor blocking ability initially. In this context, the
relatively large amount of material lost from the ultrasonication is insignificant. It is
therefore evident that electrodes modified using a SA approach exhibit rosetylo
bound material than the electrodes modified with electrochemical induction.

The material that does not resist ultrasonic rinsimgld beattributedto residual

compounds that resist theutine,postdeposition rinsing step. For example it has been
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postulated that two generated aryl radicals can couple to form stable dimeric structures in
the deposition solutin™>?***These stable organic compounds could subsequently
intercalate into the intact layer without actually forming a strong interaction with the
substrateAdditionally, such structures may simply physisorb to the gold surface

preventing further attachment of NAB groups.

A1zgr(A. U P (mV)
before after % loss before after
NAB-Au (2 cycles) 0.0078 0.0071 8 700 289
NAB-Au (15 cycles) | 0.0090 0.0079 12 immeasureable 253
NAB-Au (SA) 0.0024 0.0017 29 293 288
unmodified Au 280

Table 2.04 Summary of the IRRAS and electrochemical blocking data for gold
electrodes modified with NAB using different deposition conditions before and after
ultrasonication. The IRR3 results are averages of two independent measurements.

3.6 Resistance to Displacement via Lon@hain, Alkanethiolates

Long chain, aliphatic thiols, GICH,),SH (n> 10), readily seHassemble at gold
surfaces from dilute ethanolic solutions to prodstadle, densely packed monolayers of
adsorbed thiolate structw® >’ It is known that shorthain thiolaes (n< 10) can be
displaced by longhain thiolats®’ In addition, the formation of thiolate SAMs is
governed by the thermodynamic principles of equiiibf*® The stability of the NAB
films in the current study can therefore be tested by exposingiNadified electrodes
to a dilute solution of a longhain aliphatic thiol for lengthy period of time. By

examining whether the NAB groups are displaced by octadecanethiol (ODT) it is possible
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to determine whether the interaction responsible for the bindinggdMAB groups to the
gold is a thermodynamically labile interactjam is much stronger.

Similar to the previous section, the intensity of the symmetrig IN@d serves as
a measure of the amount of material lost during the displacement process. Results a
tabulated in Table 2.05. Also included in Table 2.05, is the wavenumber position of the
asymmetric Chistretch modeg,(CHy) , of the alkyl chain portion of the bound thiolate
structures. This valuservesas a useful diagnostic measuremestdescribe below.
Additionally, IRRAS spectra before and after ODT displacement fecycke NAB-

modified electrode are included in Figure 2.07 and are representative of the entire data

set.
A1347(A' U)
before after % loss|| g,(CH,) (cm'l)
NAB-Au (2 cycles) 0.0069 0.0059 14 2921
NAB-Au (15 cycles) | 0.0092 0.0091 1 2921
NAB-Au (SA) 0.0024 0.0021 11 2919
ODT monolayer 2918

Table 2.05 Changes in the intensity of thgnsmetric NQ band for gold electrodes
modified with NAB using different deposition conditions before and after immersion in
ODT for 24 hours. The results are averages of two independent measurements.
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Figure 2.07. IRRAS spetra for nitroazobenzene layers attached to gold usinrgy&i2
deposition before (solid) and after (dasheanersionn 1 mM ODTin ethanol for 24 hr.

The data in Table 2.05 shows that, for all of the modified electrodes, most of the
NAB layer remainsntact following immersion in ODT for 24 hourShe 2cycle and SA
electrodes experience the largest changi@ ~10 % of the material lost in both cases.
The electrode modified with 15 cycles shows the largest resistance to displaceient
an observedet change of 1 %. Recall that, for thecy&gle electrode, more NAB groups
are present on the surface initially. Thesultcould be the result of a thicker NAB layer,
which reduces the ability of ODT to permeate the film to reach the underlying dictro
In contrast to the ultrasonication results, the elecgoumlified with NAB without

electrochemical induction displagood resistance to displacement by thetliolate.
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This could mean that the interaction between the SA film and electrode isesttioag a
mere physisorption.

The region of the IRRAS spectrum where alkéype CH stretching occurs also
provides useful information. The appearance ¢ €tretching bands confirms the
presence of adsorbed ODT, presumably as a result of the displacérseme of the
NAB groups. Figure 2.08ontains IRRAS spectra of the various substrisiéise GH
stretching region. Previous investigations have shown that for SAMs derived from
al kanet hi gCHg)is sensitigedolthe struagure adopted by the alkyl chain
portion of the monolayé’ A (§H.) value at 2918 cihimplies that the alkyl chainse
densely packed in an dhans conformation similar to crystalline polyethydéniValues
at higher wavenumbers are indicative of a more disordered,iggidrrangement of
the alkyl chains. In the case of the SA NAB filgg(CH,) for the displacing ODT takes
on a value of 2919 cihwhich is indicative of a crystalline structure. The observed
g+(CH,) value for both the 2ycle and 1&ycle electrodes is 2921 émThis suggests
that, for thiolates that cooperatively existivNAB films deposited electrochemically,
the alkytchains take on a more liquitke structure. A possible explanation for this is
that electrochemically deposited NAB films are more compact and only permit binding of
thiolates into sparsely distributedfdct sitesin contrastthe less compa®AB films
deposited via seldssembly permit thiolates to filh larger, unmodified regions of the
electrode. Thiss consistentith the electrochemical blocking results presented in Figure
2.04. The large pedhktensities observed for the -tycle NAB layercould be the result
of an orientation effectvhereby the thiolates aheld in a position that allowsetter

coupling between dipole transitioms/olved with the CH stretches and the electric
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Figure 2.08 IRRAS spectra in the CH stretch region for NAidified gold electrodes
immersed in an 1 mM ODT solution for 24 hours. The CH stretch region of a SAM of
ODT is also shown for comparison.
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field component that is normal the surface.

3.7Resistance of the NAB Films to Other Treatments

Three other treatments were employed to test the stability of the NAB Tilmey.
were a 1 hour exposure to UV radiation, refluxing in boiling acetonitrile (80 °C) for 1
hour, and cyclingn externally applied potential between 0 mV &f®D0 mV (vs
Ag/AgCI, KClsa) i.e.to induce reductive desorption. For these experiments only a
2-cycle electrode was investigated. As with the previous seddgfgvalues measured
before and after ea¢heatment are presented. In additioyclic voltammetry in 1 mM
ferrocene was employed to assess the-fpeatment blocking capabilities of the films.

TheA1ss7andmp Bvalues are collectively summarized in Table 2.06.

Aj347(A.U) Pk (mV)
Treatment before after % loss || before after

Reductive Desorption | 0.0071 0.0028% 61 700° 134

UV Irradiation 0.0063 0.0015 76 700° 245
Refluxing at 80 °C 0.0062 0.0049 20 700° 233
unmodified Au 253

Table 2.06 Summary of the IRRAS and electrochemical blocking data-fmyck NAB-
modified electrodes subjected to various treatméresult after 1 complete cyclvalue
taken from Table 2.03.
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l. Refluxing.

When compared to both the ultrasonication @@l displacement results, the
treatments in this study yield a greater effect with respect to the observed change in
The refluxing treatment produced the smallest effeith only a 20 % decreasesAnz4z.
Assuming this corresponds to a 20 % losthe amount of NAB at the surface, 80 % of
the layer is still intact following the lengthy refluxing. The purpose of performing this
measurement was to make a comparison with the thermal stability of SAMs of
alkanethiolates on gold, which reportedly @& mery god.>” SAMs of alkanethiolates,
although very stale to the ambient, desorb very readily in organic solvents at
temperatures over 70 °C. Thus, contrary to alkanethiolates, the NAB films display good
overall stability towards refluxing conditions.

With respect to the electrochemical blocking measuremeBtdecreased from
700 mV to 233 mV after refluxing. The barrier properties of the NAB film are therefore
lost following the reflux treatment.

[I. UV Exposure.

The results in Table 2.06 show ti#at,,decreases by 80 % after irradiation with
UV light. This treatment produced the largest chang&;i- After UV irradiation, the
g Emeasured from the ferrocene voltammetry is 245 mV. This value is very similar to
the value for an unmodified gold electrode, which is not unexpected considering the large
charge toA1347.

The photooxidative removal of thiolates, R8here R is either an alkane chain or
and aromatic group, from a gold surface Wittt radiation is well documented:** The

process involves the photooxidation of the thiolate to the corresponding sulfonate.
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Sulfonates exhibit a much weaker interaction with the gold surface and are subsequently
removed by rinsing with water. Althougfhs highly speculative at this time, we surmise
that, by analogy, the aryl groups of the NAB films are photoxidized to compounds that
contain a carbonyl functional group, namely, ether, epoxide, aldehyde, or carboxylate
functional groups. A recent stuthas shown that the surface of singlalled carbon
nanotubes (SWNTSs) can be photooxidized to these congsowith UV radiation in

vacuum®?

lll. Reductive Desorption.

Alkanethiolates can be electrochemically desorbed from gold substrates in
alkaline, aqueous solutions via a Tegluction of the Atthiolate moiey.** A similar
methodology was employed in the current studgetermine whether NAB groups could
be removed electrochemically, by applying relatively large, negative potentials. A total of
10 voltammetric sweeps from 0 mV 4500 mV were applied to an electrode derivatized
with NAB. In Table 2.06 observe thatss7decreases by 61 % following a single sweep
to -1500 mV. IRRAS spectra before and after the application of 1 and 10 voltammetric
cydes are presented in Figure 2.0%e applied potentials significantly change the
intensity ratios of the NAB band%his inplies that, in addition to the removal of
material, the NAB film strucpoflBdenVeshanges
measured from the CV in ferrocene. Collectively, these results indicate that large
amounts of the film are removed by this progedand large regions of bare gold surface
are produced.

The CVs obtained during the reductive desorption prnaeedre presented in

Figure 2.10For the first sweep, the observed electrochemical response is characterized
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Figure 2.09 IRRAS spectra for an NABnodified gold electrode before and after the
potential was cycled between 0 ai®00 mV in 0.5 M KOH(aq). The same electrode
was used in all three spectra.

53



1000 -+

-1000 -+

-2000 -+

Current (uA)

-3000 -+

-4000 -+

-5000

-1.6 -1.4 -1.2 -1.0 -0.8 -0.6 -0.4 -0.2 0.0
E (V vs Ag|AgCl, KClg,)

Figure 2.10. Cyclic voltammarams from 0 te1500 mV for an NABmodified gold

0.2

electrode in 0.5 M KOH(aq). The dotted trace is the same experiment but for an

unmodified gold electrode. The sweep rate was 25 mV/s.
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by three cathodic peaks-&00 mV,-700 mV and900 mV. The current dhsities of

these peaks are 25, 50, andwidcm?, respectively. No detectable Faradaic current is
observed during the reverse scan towards positive potentials. By contrast, for
alkanethiolates on gold, reductive desorption is characterized by the appearance of a
cathodic peak, the position of whits dependent on the chain length of thgrBup; and
an anodic peak on the reverse scan. Walera&l.observed peak current densities of
approximately 218A/cm? during the reductive desorption of @lkanethiolate
monolayer from a gold surfaé® Since the current densities are similar, it is pdestiat

a 1 éreduction of the aryl moieties occurs, which results in the subsequent removal from
the surface. The multiple peaks could correspond to the removal of differently sized
fragments of the NAB film, each requiring a specific electrode potesrigigy for

desorption.

4. Conclusions

Films comprised of NAB groups were grafted to evaporated, polycrystalline gold
electrodes with and without electrochemical induction. The amount of NAB groups
grafted, and the quality of the film, is dependent omtle¢éhod chosen. For
electrochemically deposited NAB films, the number of voltammetric cycles during the
deposition can be used to control the amount of NAB grafted and quality of the film.

The electrochemically deposited films are better at blocking eleatansfer to

ferrocene and are more tightly bound to the gold than films deposited by spontaneous

55



adsorption. We hypothesize that this is because they are thicker, more compact and
characterized by fewer defect sites and pinhole regions.

NAB layers eleabchemically grafted to gold are prone to desorption by UV
radiation, by externally applied negative potentials; and to some degree, refluxing in
organic solvents. Regardless of the deposition method, the NAB films are very resistant
to chemical displacenné by ODT. None of the treatments used in this study were able to
remove the NAB layers completely. In most cases the majority (>50%) of the film

resisted the treatments.
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Chapter Il

Comparison of Diazonium Salt Derived and Thiol Derived Nitrobenzene
Layers on God*

1. Introduction

Chapter Il provided us with useful insights with respect to the structure and
stability of diazoniuraderived aryl layers at polycrystalé gold surfaces. This chapter
expand on this subjecprovidinga direct comparison of the structwaed stability of
nitrobenzene films derived from diazonium salts with monolayers formed from the
corresponding thiol.

The modification of graphitic carbon with aryl groups derived from diazonium
salts has become a widely used method to tailor the swffi@eeistry of this
electrochemically useful materiaf. The primary advantage of this method is that a
covalent bond is formed between the carbon surface and the aryl group, resulting in a
tightly bound organic layer. In addition, functionalized diazonium sedteasily
prepared from a wide range of commercially available aromatic amines. These films are
generally deposited electrochemically and the grafting mechanism is well undérstood.

Briefly, diazonium salts are electrochemically reduced in an appropriate organic solvent

* A form of this chapter has been published.amgmuir 2009 25(8), 45564563
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(usually acetonitrile) at relatively low potentials to produce aryl radicals in the diffusion
layer near the electrode surface. Since these radicals are generated in closgy/gooxi
the electrode, they react with the surface forming a cachdoon bond. The highly
reactive radicals produced during this process can also form bonds with aryl groups
already attached to the surfafrequently resulting in multilayer film&® Driven by the
strong bonding between the organic layer and the carbon swafatee diverse

molecular structures that can be deposited, these layers are finding applications in
composite materiaf°in bioanalyss****for the modification of nanostructurésnd in
molecular electronick’

The irreversible interaction between diazonium derived aryl flms and carbon has
also led to the application of this method to other materials such as'iétaisl
semiconductor$®® Relevant to the present work, a growing body of literateperts
on the structure and applications of these films on gold surtag¥$. Bélanger and
coworkers reprted the first thorough characterization of diazonium derived films on
gold? This work showed that aryl multilayer films form on gold and that the structure
and properties of the films depend on the functional group attachbd aryl ring. This
study and othefShave siown that prolonged ultrasonic treatment (sonication) removes a
fraction of the multilayer filmsbut a tightly bound portion of the film remains. In
addition, it has been reported that diazonium derived layers on gold electrodes have
exhibited little dgradation after 2 months storage in laboratory ambfefiaken
together, these studies show that tightly bound aryl layers can be can be deposited on

gold surfaces by the reduction of the corresponding diazonium salt.
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The most widely used method for the modification of gold surfaces has been the
formation of seltassembled monolayers (SAM) of thiol or disulfide containing
molecules’’ It is well known that the adsorption ofatkyl thiols produces wnolayers
that are highly organizedue to the energetics associated with establishing strong chain
chain interactions that is enabled by a reversible-gotate linkage’® Aromatic thiols
have also been shown to form ordered monotayeigold”® Despite the many
advantagesf thiol derived SAMs on gold, the laky of the goldsulfur interaction that
permits selorganization is also the root of some of the limitations of this adserbate
substrate combination. For exampkeidses have shown SAMs to be thermally
unstablé® andprone to displacement by other thidlandambient UV photoxidatiof?

The potential of a carbegold covalent bond drives the examination of diazonium
derived layers as an alternative to SAMs for applications where extremely stable surface
chemistry is required.

In this studywe directly compare the structure and stability of diazonium salt
derived nitrobenzene films anemtrobenzenethiol monolayers on gold. A structural
comparison of the layers formed from these precursors on ZnNi has been recently
reported®® The structure and thickness of these layers on gold are probed with infrared
reflection absorption spectroscopy (IRRAS}ra¢ photoelectron spectroscopy (XPS),
scanning force microscopy (SHMnNd ellipsometry. A sidby-side comparison is
presented for the two systepasldressing their relative stabilities towards heated
solvents, prolonged ultrasonic treatment (sonication), and substitution reactions with

competing thiols. The results dfease studies show that diazonium derived films can
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form more stable organic coatings for gold under certain conditions relative to thiol

analogs.

2. Experimental

Preparation of Gold Substrates Gold substrates were prepared via thermal evaporation
using 9.99% Au shot (Goodfellow). A 6 nm layer of Cr was used in between the glass
and gold film to enhance adhesion. For the IRRAS, XPS, ellipsometry, and cyclic
voltammetry experiments a gold thickness of 300 nm was deposited onto glass
microscope slides. Fone AFM studies a 50 nm gold layer was evaporated onto 0211
grade glass diced into square substrates 1.4 cm on a side. All glass substrates and
glassware in this study were cleaned using hot piranha solution (1:4 ZDIHEEOy)

followed by thorough rinsig with deionized (18 i)/filtered H,O (NANOpur@ water
purification system, Barnstead International, Dubuque, lowa). Substrates were blown dry
using Ar gas.\IVarning: Piranha solution should be handled with extreme care; it is a
strong oxidant and reactsgolently with many organic materials. It also presents an
explosion danger. All work should be performed under a fumehood

Electrochemical Deposition of the Aryl Films 4-nitrobenzenediazonium
tetrafluoroborate (dNB) (uUQ&Gdrae (TBABRet r abut yl
(099 %) wer e us e dAlddch Canala Ledi, Qakuille, Orfairia). ma
Spectroscopic grade acetonitrile was also used as received (Caledon Laboratories Ltd.,
Georgetown, Ontario). Prior to surface modification, all gold substnages subjected to

a 10 min cleaning in a Model 42 UN@ommercial ozone cleaner (Jelight Company,

Inc., Irvine California). Following the ozone cleaning, the substrates were stirred in
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anhydrous ethanol (Commercial Alcohols Inc., Brampton, Ontario) fonihO
Electrochemical grafting of the aryl layers to the gold substrates was achieved by cyclic
voltammetry using a software controlled Model AFCBP1 bipotentiostat (Pine Instrument
CompanyGrove City, Pennsylvania). For all nagueous electrochemistryethheference
electrode consisted of a silver wire submerged in a 200 mM AghlOtion in

acetonitrile with 0.1 M TBABE. A platinum wire/platinum mesh assembly with

adequate surface area served as a counter electrode. Unless otherwise stated, all
electroclemical depositions were carried out using two full sweeps from +100 mV to
700 mV at a sweep rate of 200 mV/s, and a diazonium salt concentration of 2.5 mM in
acetonitrile with 0.1 M TBABE. These conditions were chosen because they resulted in
a final film with electrochemical barrier properties similar to thatdobenzenethiol
monolayer. Diazonium salt solutions were deaerated for 10 min with Ar gas prior to all
depositions. Following the modification, samples were thoroughly rinsed with
acetonitrile blown dry with a gentle stream of Ar gas, and used immediately with
minimum exposure to the ambient.

Preparation of Au-thiolate monolayers / ODT Displacement Reactions
4-nitrobenznethiol (98 %) and octadecanethiol (ODT, 98%) were used as received
(Sigme-Aldrich Canada Ltd.). Cleaned gold substrates were immersed in 1-mM 4
nitrobenzenethiol (tNB) in ethanol. All solutions were deaerated with Ar gas for 10 min
prior to the seHassembly process. For the ODT displacement studies, a previously
modified gld slide was directly immersed into a 1mM ODT solution (ethanol) for 24 h.
IRRAS. IRRAS spectra were collected using an ATI Mattson Infinity Series Fourier

transform infrared (FTIR) spectrometer equipped with a liquid nitrogen cooled mercury
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cadmium telluide (MCT) detector. The-polarized IR beam was incident on the gold

surface at an angle of 80° with respect to the surface normal. A total of 1500 scans were
averaged for each experiment at a resolution of 4 drhe interferograms were Fourier
transfomed using triangular apodization. A gold slide modified with a SAM of
CD3(CD,)16CD,-SH was used as a reference.

Electrochemical Blocking Studies Potassium ferrocyanide (O
Ltd., Pool e, England), and Potassium Chl or
Hampton, New Hampshire) were used as received. All aqueous solutions were prepared

by dilution with 18 My deionized HO, and bubbled with Ar for 10 min prior to the

analysis. A 3necked inverted electrochemical cell was clamped to a

modified/unmodified electrode surface with a solvent resistant, Viomgo(6 mm

diameter) in between to define the electrode area of 0.28Rutentials were measured

with respect to an Ag/AgCl (saturated KCI) reference electrode using the same counter
electrode described above.

XPS Analysis XPS analysis were performed using an AXIS Ultra Spectrometer (Kratos
Analytical). A monochromated Mdaosour ce (h3 = 1486.6 eV) was
of 210 W. Samples were placed in the analytical chamber no longer than 20 minutes
following the deposition of the film of interest. The analytical chamber was evacuated to

a base pressure lower than 4 2 Ha for all experiments. The hemispherical analyzer

was operated in fixed analyzer transmission (FAT) mode with a spot size set at 700 x 400
um. Charge neutralization was not utilized during any of the scans. High resolution scans

for N1s and S2p peaknalysis were collected using a pass energy of 20 eV and a 0.1 eV

step size. We restricted our spectral collection to 40 scans for theeSigintion data to
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prevent any xay induced transformations of the surface. All spectra were referenced to
the Au4f;,electron (binding energy, BE = 84 eV).

AFM measurements The thickness of thé\B films was determined with AFM by a
method described previouslyA region of a freshly prepared dNB modified gold

electrode was first imaged using tapping mode AFMssoot to disrupt the layer.

Without changing the AFM tip, the instrument was then engaged in contact mode.
Precise control over the engagement setpoint was exercised to carefully scratch through
the layer ashetip was raster scanned over the surface Jurface was subsequently
imaged in tapping mode to obtain height information and ultimately film thickness
measurements for the modified electrodes.

A control experiment was performed to ensure that the contact forces used were
insufficient to damage thgold surface, which would certainly introduce an error when
making the film thickness measurements. The experiment was performed on a bare,
unmodified gold substrate using the same force as for the thickness measurements. The
results showed evidence thhé surface was slightly perturbed, and the difference in
height between the ploughed and fmdoughed region was negligible.

The AFM experiments were performed using a Nanostopiultimode
microscope (Digital Instruments, Santa Barb&#®). Rectangudr Si cantilevers with a
thin, reflective Al coating (Olympus, Tokyo, Japan) were employed for both contact
mode and tapping mode experiments. The force constant of the cantilevers was 40 N/m.
The oscillation frequency used for tapping mode was 300 + %0 Aldontact force of
400 nN was used for all contact mode experiments which corresponded to a setpoint of

0.1 V. The normal force,\; was determined using the relation:
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where \4is the setpoint voltage used for imaging,i¥the voltage required to break the

tip away from the surface, s is the optical sensitivity of the cantilever to beguinig

equal to 0.01 V/nmand K is the force constant of the cantilever.

Spectroscopic Ellipsometry Films were characterized valipsometry on aariable

angle spectroscopic ellipsometerY]MASE, J.A. Woollam Co., Inc.)All measurements

were performed in reflection mode with a spot size of a few hundred micrometers. Data
collection and modeling was performed using the softwareigeed by the instrument
manufacturer\WVASE32 version 3.486, J.A. Woollam Co., Ind=pr a bare Au

substrate the real, n, and imaginary, k, coefficients of the complex refractive index, N,

where N = n + k were first determined, point by point, usegwo phase parallel layer
modd.3* The ellipsometric parameteGand @ wer e me-806 nnrire5chmf r om 3
intervals and from 3060° every 5° to the surface normal. The measurements were then
repeated for a modified gold electrode using the samevatse Using the predetermined

n and k values for the gold substrate, a 3 phase parallel layer model was employed to

model the optical characteristics of the modified electrodes. Aawn Cauchy

dispersion function was used to describe the film layes.&X{perimentally determinedg

and o values were checked against the mode

merit function.

3. Results and Discussion

3.1 Characterization of NB layers on gold
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The nitrobenzene (NB) layers in this study were adsorbed to thin gold films
(200nm) thermally evaporated on glass substrates. Gold films prepared in this way can
be described as polycrystalline. Thiol derived NB monolayers (tNB) were spontaneously
adsorbed from ethanolic solutions. Diazonium derived films (dNB) were
electrochemicallyleposited by cyclic voltammetry. Two sweeps at 200 mV/s were used
to deposit NB films from 2.5 mM solutions of nitrobenzene diazonium salt. A typical set
of deposition voltammograms is presented in Figure 3.01. During the first sweep a large,
broad cathod wave is observed associated with the reduction of the diazonium group to
produce aryl radicals. Under these conditions, the second, subsequent voltammetric
sweep exhibits negligible Faradaic curtehte to the passivating nature of the deposited
NB film. In addition, these conditions also resulted in films with similar electrochemical
barrier properties as the tNB monolayesisi€ infra). The voltammetry of nitrobenzene
diazonium cations at our thin film gold substrates is qualitatively simaildat observed
on both carboh® and gold®® electrodesimplying the formation of a NB film on the
surface.

IRRAS provides useful structural information on thin organic films on gold
surface®® and has been used to characterize diazonium derived tayersariety of
metal surface$>?® Figure 3.02 contains IRRAS spectra ie fingerprint region for gold
substrates modified with both a tNB monolayer (bottom spectrum) and a dNB film (top
spectrum). The prominent bands and their assignments are listed in Table 3.01. The top
spectrum in Figure 3.02 is similar to those in a jmes IRRAS study of dNB on gafdl

and confirms the formation of a diazonium derived NB film. Figure 3.03 contains
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400 pA/cm?2
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0.1 0 01 02 03 04 05 -06 -07
Potential (V vs. Ag/Ag*)

Figure 3.01.Cyclic voltammogram of 2.5 mM nitrobenzen@zibonium salt in 0.1 M
TBABF, in acetonitrile. The sweep rate is 200 mV/s.
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1800 1600 1400 1200 1000 800
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Figure 3.02. IRRAS spectra of a diazonium salt derived nitrobenzene (dNB) film and
nitrobenzene thiol (tNB) monolayer on gold. Band assignments are given in3T@hble
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Powder spectrum

I1x10'4 a.u. dNB on gold
2400 2350 2300 2250 2200

Wavenumber (cm™)

Figure 3.03. Top: IR spectrum of solid phase nitrobenzene diazonium salt. Bottom:
IRRAS spectrum of a dNB film on gold.
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dNB
Position (cnT) Absorbance Assignment
(10%a. u.)
1600 1.3 C=C aromatic ring stretch
1529 3.8 Asymmetric NQ stretch {¢a.no2)
1346 5.1 Symmetric NQ stretch ¢sno2)
1117 0.38 Aromatic GH in plane bending
864 1.1 - (_Z-N s’Fretch or aromatic €l
tNB
1593 0.64 C=C aromatic ring stretch
1523 1.1 Asymmetric NQ stretch ¢ano2)
1346 4.6 Symmetric NQ stretch(vs noo)
1109 0.39 Aromatic GH in plane bending
860 1.2 C-N stretch or aromatic €l oop
1. Absorbance values are the mean of at least two different spectra.
2. oop = out of plane

Table 3.01. Band positions, intensities and assignments for tRAIR spectra of NB

layers from Figure 3.02. Alissignments are from refererficeinless otherwise noted.
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IRRAS spectra that show the diazonium derived NB fdraomposed of aryl moieties
and not physisorbed diazonium catioff$e top spectrum in Figure 3.03 was collected
from a powder sample of the nitrobenzene diazonium salt starting material. The
prominent band at 2300 ¢his assigned to the-N stretch 6the diazonium functional
group. The lower spectrum in Figure 3.03 was collected for a dNB film on gold. No
evidence of the diazonium group is present in the IRRAS speatamsistent with a film
comprised of molecules that underwent complete redutdiéerm aryl radicals during
the electrochemical deposition procedure.

Qualitatively, the spectra for the dNB film and the tNB monolayer in Figure 3.02
aresimilar, displaying similar bands for the main observable vibrations (Table 3.01). The
intensityof the most pronounced bands, specifically the asymmetyig$ and
symmetric ¢sno2 NO; stretches, is higher for the dNB film relative to the tNB
monolayer. It is well known that diazonium cation reduction at both c&rtzo
gold*electrodes can result in the formation of aryl multilayers. A previous IRRAS
study of electrochemically deposited dNB films on gold correlated band intensity to
multilayerformation®® Film thickness measurements confirm the formation of NB
multilayers under the deposition conditions used hede (nfrg. Thus, although the
intensity of IRRAS bands are known to depend on the orientation of adsorbed molecules
due to the surface selectiane, the higher observed absorbance of banddN@r films
is attributed to multilayer formation. The variation in the absorbance of it bands
for each film type listed in Table 3.01 is especially noteworthy. slinkace selection

rule for IRRASpredicts a lower absorbance for dipole moment changes that are parallel
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to the surface. Assuming that the tNB monolayer is comprised of NB molecules
absorbed with their £axis perpendicular to the surface, the main component of the
asymmetric NQvibration will be parallel to the surface. In this case, the intensity of the
vanozband is expected to be low, which is what we (Table 3.01) and others oHsarve.
multilayer dNB structure likely contains N@roups in a variety of orientations that
should result in an absorbance ratiorgfiodvanozSimilar to that of bulk NB. From the
data in Table 3.01, this ratio for dNB films on gold is 1.3 and that of bulk NB i 1.2.
Thus, the relative absorbances of the IRRAS bands are consistent with wizatms kn
about the structure of tNB monolayers and dNB multilayer films.

The thickness of dNB films deposited under the conditions employed here was
evaluated with scanning force microscopy (SFM) and ellipsometry (see the Experimental
section for details Figure 3.04shows a tapping mode AFM image collected following
the scratching step. A cross sectional profile was used to measure the thickness of the
layer. The results of these characterizations are listed in Table 3.02. The SFM
measurement was similartieat originally demonstrated by Anariba ef alariable
angle spectroscopic ellipsometry (VASE) was also used to measure the thickness of the
dNB films. In comparison to the SFM method, the size of the analysis area for the VASE
measurement is roughly 2 muframeter and can be considered an average measurement.
The values from the two measurements listed in Table 3.02 are slightly different, but are
statistically similar at the 95% confidence level. Also listed in Table 3.02 is the thickness
of a spontaneally adsorbed tNB layer taken from a recent repofthis same study also
employed angle resolvettray photoelectron spectroscopy (XPS) to measure a thickness

of 0.6 = 0.2 nm for the tNB films. It is wellnown that lhe adsorption of aromatic thiols
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Figure 3.04. AFM image (5x 5 um, zscale = 6 nm) of a region of a dNB film on gold
after scratching. Inset is the cresectional profile through the scratched region.
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Layer SFM Ellipsometry

dNB 1.8+ 0.2 nfA 2.3+ 0.3 nt

tNB 0.9 nnf
a. Mean value from nine measurements on three different samples (3 per sample).
b. Mean value from three different samples
C. Value taken from referencé

Table 3.02.Thickness measurements of NB la/en gold.

form single, monomolecular layers on gold and thus, we take the thickness of a closely
packed monolayer of NB to be in the range of 0.6 to 0.9 nm. Based on the IRRAS results
discussed above and the results in Table 3.02, we conclude thBiBHayers formed on
gold under our conditions are multilayers and are between 2 and 3 layers thick.

The conditions for the deposition of the dNB films were chosen based on their
ability to act as an electrochemical barrier, as noted above. That isj@uhdiere
chosen that produced a final film structure that blocked electron transfer to a similar
extent as the tNB monolayenrdde infraand Table3.03). It is clear from the results in
Table3.02 that these conditions produce multilayers. It has beawrsthat through
careful control of the charge passed during deposition, a monolayer of diazonium derived
aryl groups can be formed on Si(1f1)Recently, monolayers on metal surfaces,
including gold, have been demonstrated bygigirecursor diazonium cations
functionalized to prevent multilayer formatiéh.Our attempts to deposit dNB layers

under conditions that produéewerradicals (e.g., lower concentration of nitrobenzene
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diazonium cations) and thus limit the coupling reactions that formlaydts resulted in
loosely packed layers that exhibited poor electron transfer blocking.

Differences in composition between dNB and tNB films on gold were assessed
with XPS, which has been used extensively to study the structure of diazonium derived
films, including dNB?*? To our knowledge, this is the first time XPS spectra for
diazonium and thiol analogs have been compared. -Highlution XPS spectra in the N
1sand S 2p regions for gold electrodes modified with dNB and tNB films were collected.
The spectra of an unmodified gold substrate were also collected for comparison. The S 2p
XPS results are presented in Figure 3.05. The observations for the S 2p regisn a
expected. The tNB samples produce a peak in the S 2p region of the spectrum, with no
observable S signal for the dNB films. The spectra in the N 1s region are shown in
Figure 3.06 and reveal significant differences between the two films. FoNB&ldhs
two peaks are observed in Figure 3.06; one at 405.7 eV and another at 400 eV. A single
N 1s peak is observed for the tNB modified electrodes at 405.5 eV. The peaks at ~405
eV are diagnostic of the nitrogen atom of the nitro gfGupor the dNB films a second
N 1s peak is observed at a lower binding energy of 400 eV. The lower binding energy
implies that the corresponding nitrogen is present imaced oxidation state. The origin
of this reduced nitrogen peak has been previously discussed in the litét&fubme
study has shown evidence #fray radiationnduced reduction ofrearomatic nitro
group to an amine on SiGurfaces? Vautrinand coworkersarried out studies to show
this is a real possibiltfor diazonium derived aryl layers sporg¢ausly adsorbed to zinc

2

surfaced? If the reduced nitrogen species is the result of theyxirradiation, we wold
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Figure 3.05. High resolution XPS spectra in the S 2p region.
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Figure 3.06. XPS spectra in the Bl region of a tNB monolayer, a dNB film and an
unmodified gold substrate
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expect to observe this reaction at both dNB and tNB layers. The |#lo& signature for
the reduced nitrogen in Figure 3.06 implies that undeXf@ conditions employed here,
there is littleX-ray induced transformation 6NO, to a more reduced form.

Another proposal suggests that the reduced nitrogen arises fromlcges
throughout the multilayered network of phenyl rings comprising thefifth***° The
initial hypothesis for the existence of this functional group was based on XPS
results™*24° A recent report provides strong evidence based consiary ion mass
spectrometry experiments that azo groups exist in diazonium derived aryl*faiféis.
report proposes aiadN=N- linkages between phenyl rings in the multilayer structure and
a carbon covalent bond to the surface. In Figure 3.06, the XPS signal for a reduced
nitrogen species at 400 eV is only observed for tiB iim. The absence of this signal
is expected for the tNB monolayer based on what is known about the adsorption of
aromatic thiols. In addition, we have observed a distinct vibration for an N=N stretch in
surface enhanced Raman spectra (SERS) of dianasherived layers on gold and
silver®® Based orthe collection of these findings, we assign the observed peak at 400 eV
in Figure 3.06 to a reduced nitrogen species in azo linkages within the dNB film on gold.
In summary, the results above indicate that the electrochemical reduction of nitrobenzene
diazonium cations at gold electrodes under the conditions used here results in a
multilayer NB film that is ~3 thicker than a monolayer formed from the spontaneous

adsorption of 4itrobenzene thiol.
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3.2 Stability of dNB and tNB films on gold.

The stdility of dNB films on gold was compared to that of tNB by subjecting the
films to three different treatmentseating in refluxing acetonitrile (78 °C) for 1 hour,
sonication for 30 min. in the solvent used to generate the film (i.e. acetonitrile for the
dNB films, ethanol for the tNB films), and immersion in a 1 mM solution of ethanolic
octadecanethiol (ODT) for 24 hours. Changes in the film were monitored by IRRAS and
by electrochemical blocking. We used the absorbance of ftg band Asnoo) at
1346 cmi* (see Figurd.02 as a semguantitative diagnostic of film coverag®©ur
assumption is that changesAanozare primarily due to the loss of NB groups from the
surface with some contribution due to treatment induoedrientation of surfaceigole
moments, as per the IRRAS surface selection rule. The absorbance ratios of various
bands (e.g.ysnodVc=c andvanodVe=c) remain unchanged before and after treatment
providing support for this assumptioBrooksby and Downard have reported tifnet
thickness of diazonium derived nitroazobenzene (NAB) multilayer films reversibly
change when the film is exposed to different solvents. The NAB films swell when
exposed to acetonitrile and compact when exposed to aqueous acid s8luGbrsges
in the orientation of molecular dipole moments of an adsorbed film would be expected to
accompany a swelling/egwelling process. The diazoniuderived films in this study are
exposed only to acetoniteil which should negate solvent effects.

The uncertainty in the measuremenf@ho.was evaluatetor dNB and tNB

films to ensure the validity of using this parameter as a quantitatigeastic First, the
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IRRAS spectrum of the same sample was colteatehree different location$he
percent relative standard deviation (%RSDAno2was 3% and 1% for dNB and tNB
films, respectively. The sample to sample variabilitAino, wasalso evaluatedlhe
%RSD inAs no2for 6 independent samples wa% and 7% respectivelfor dNB and
tNB. We conclude thas noomeasurements are very reproducible within the same
sample and display good reproducibility from sample to sample.

Variations in film density wfirlem@&val uat
electon transfer characteristics of the modified gold substrates. This type of
measurement is used extensively for the characterization of diazonium derived
layers?:#2?* Typically, cyclic voltammetry of a common redox probe, such as
Fe(CN)**, is employed to evaluate the blocking properties of the diazonium derived
layer. The magnitude of the cathodicodic peak separatioqH,) is a measure of the
electron transfer rate through the film with a lower valugfand lower peak current
being characteristic of facile electron transfer indicative of a disordered, defective organic
film. Higher values ofdE, correspond to a copact, well insulating, pinhot&ee
overlayer.

An example of a data set illustrating the effect of refluxing a dNB sample in
acetonitrile is shown in Figure 3.07. The top panel of Figure 3.07 contains the IRRAS
spectra of the dNB film before and aftee tineatment. A significant decrease in all band
intensities is observed as a result of this treatment. The bottom panel of Figure 3.07 is
the cyclic voltammetric analysis of dNB films. Also shown is the voltammetry of

Fe(CN)* on an unmodified gold fih electrode, which exhibitscE, of 165 mV for a
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Figure 3.07. Top: IRRAS spectra of a dNB film on gold before and after exposure to
refluxing acetonitrile. Bottom: Cyclic voltammetry bimM Fe(CN)}* (1 M KCI) at a
dNB film on gold before and &#r the reflux treatment and at an unmodified gold
substrate. For all voltammograntise sweep rate i500mV/s.
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scan rate of 100 mV/s. The-psepared, lightly rinsed dNB film completely blocks
electron transfer for Fe(Chf) in the 800 mV potential indow probedindicating that

the dNB films are initially densely packed and-piole free. In previous studies,
considerably more facile electron transfer for Fe(@{was observed through films of
carboxyphenyl (CPJ*?*and dNB® on gold. In another report, films of CP and
methyplenyl groups on gold blocked Fe(GRY" electron transfer completety. The
discrepancy in these results illustrates thettalab variability of the structure and
properties of these films. The cyclic voltammetry in FigRu@/ reveals that the dNB
film is a much poorer barrier to electron trangédlowing refluxing in acetonitrile.
Comparison to the voltammogram at unmodified Au indicates that a sufficient amount of
material in the dNB layer survives the reflux treatment to block electron transfer to a
moderate degree, consistent with the IRRASUMS.

The results summarizing data sets such as that shown in Figure 3.07 for all the
treatments are listed in Table 3.03. ValueAgfo.for a singlerepresentative sample,
before and after the treatment, are shown. In all cAsgspis lower afer the treatment,
which we interpret to be primarily due to the loss of NB molecules from the surface. The
amount of material lost is represented by %Loss, and the values listed are the average of
at least 2 samples. Th&, values for Fe(CNJ*, before and after the heating and
sonication treatments are also provided. Based oAdke,values, the initial dNB films
contain 1315% more NQgroups than the sedfssembled tNB monolayers. This is
inconsistent with théhickness measurements presented in TalB2where, based on a
simple multilayer model, we would expect theno2values of agprepared dNB films to

be 23 times that for tNB monolayers. The IRRAS selection rule likely accounts for a
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Absorbancess, no2 @k (mV)
Before | After %Los$ Before After

IdNB (reflux) 0.0052 | 0.0021 64 > 800 242
|tNB (reflux) 0.0045 | 0.0024 48 > 800 517
|dNB (sonic) 0.0054 | 0.0035 35 > 800 518
|tNB (sonic) 0.0046 | 0.0039 8 > 800 625
[dNB (ODT) 0.0046 | 0.0016 | 73 [NA NA
[(NB (ODT) 0.0039 0 100 [NA NA
IUnmodified Au 165

2 90Loss = [A nofbefore}As nofafter))/As nodbeforex100. %Loss results listed are the
mean for at least two independent samp¥&s = not measured.

Table 3.03. IRRAS and electrochemithlocking results for NB films subjected to the
various treatments.
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fraction of the discrepancy. While computational analysis indicates an upright
orientation is preferred for aryl groups bound to Au(*#1the orientation of the £axis
of nitrobenzene molecules in the second and third layer of the dNB film willenot b
perpendicular to the surface. Bothpsparedandrinsed films completely block

electron transfer t6e(CN)>*

in the potential window investigated. Taken together,
these findings are consistent with a dNB film structure consisting of a partialayen
of NB molecules bound to the gold with additional NB molecules either bound or
adsorbed in such a way as to block access to the exposed regions of the gold.

The results in Table 3.03 show that both the reflux and sonication treatments
remove more ntarial from the dNB layer compared to the tNB monolayer. In three
cases, the layers that survive these treatments contain a sufficient amount of material to
provide a significant barrier to electron transfer, as indicatef=hyalues >500 mV
RefluxingdNB layers in acetonitrile lowers ti#g no2Signal by 64% and results is a
layer that exhibits gE, for Fe(CN)f""onIy slightly larger than the unmodified gold
electrode. Based upon the amount of material removed, it appears that the tNB
monolayers @ more stable to the refluxing and sonication treatments than the dNB
films. However, a significant amount of the dNB film resists both treatments.

It is known that long chain alkylthiols will displace shorter chalns to the
thermodynamic control dhe formation of SAM$>*° As another test of stability, we
exposed both NB layers to an ethanolic solution to ODT for extended periods of time.

The IRRAS results in Figur@08show the effect of ODT displacement on dNB and tNB

layers. The N@stretching regio reveals that while ODT displaces a significant amount
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of the dNB layer, the entire tNB layer is displaced by overnight exposure to ODT
solution. More than 25% of the dNB layer resists displacement by ODT as shown by the
results listed in Table.33. We have exposed dNB layers to the ODT solution for up to 1
week and found similar results. The IRRAS spectra in the-émgingy, CH stretching
region provide structural informatian the ODT layers followingreatmentand are also
shown in Figure8.08 The width and position of the asymmetric methylene stretch
(vacHd) is sensitive to the chain structure in these monolayer sytefite v, cr2band
for theODT monolayer formed after displacing the tNB monolayer is locat2glicm
! with a width of ~14 cnt. These values are diagnostic of a crystalline chain structure,
which is expected for an ODT monolayer that fully displaces tNiBe position of the
vachHzband at the dNB substrate is 2920 camd exhibits a width of ~24 chawhich are
values characteristic of a more ligtlike monolayer of ODT In this case, a mixed layer
of dNB and ODT is formed where the tighttyund dNB molecules disrupt the packing
of the ODT layer. The results of the ODT displacement study ardicagn because
they show that a portion of the dNB layer is more strongly bound to the gold than tNB.
The findings presented in Tableéd3 are consistent with results from previous
studies and provide some new information on the structure and stabdigzohium
derived layers on gold. FiguB09presents simplified models for the effect of the
various treatments on the two types of layers compared here. It is well accepted that
aromatic thiols form ordered monolayers when spontaneously adsorbeld 13 g
Following exposure of the tNB monolayer tdluging acetonitrile or sonication, some of

the nitrobenzenthiol molecules desorb, leaving a partial monolayer. The electrochemical
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