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Abstract 

Modification of metallic surfaces using thiol-based self-assembled monolayers (SAMs) 

has been explored in the literature in the past three decades; silver surfaces less explored than gold. 

This technology has promise in many surface-based applications, specifically in micro electronics, 

sensors that use the surface plasmon resonance (SPR) phenomenon, and in catalysis. Unfortunately, 

the reactivity of silver towards sulfur means that thiol-based monolayers can form sulfide layers at 

the surface interface in atmospheric conditions making silver a troublesome metal for surface 

applications.  If sulfidization could be overcome, a robust SAM on silver might prove to be an 

effective tool for SPR, as silver is more sensitive to surface plasmon effects than gold, the current 

standard.  Our group has described a series of N-heterocyclic carbenes (NHC) which form SAMs 

on gold. As the carbene is attached to the surface via a metal-carbon bond, the problem of 

sulfidization may be overcome. Here, I describe the synthesis of a peptide for the application of 

heavy metal detection with the use of an NHC on a gold surface as well as the deposition and 

functionalization of silver surfaces with a series of NHCs, which might serve as appropriate 

candidates for use in an SPR sensor.  X-ray photoelectron spectroscopy (XPS) data show the NHCs 

chemisorb intact on the surface, and the stability of the films to oxidation are explored under a 

range of conditions. 
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Chapter 1 

Introduction 

1.1 Self-Assembled Monolayers 

1.1.1 Structure of Self-Assembled Monolayers 

Nanoscience and the field of nanotechnology have been rapidly growing over the 

last three decades.1,2 Nanoscience finds applications in a variety of fields including organic 

chemistry, biological sensing (such as surface plasmon resonance (SPR) techniques), 

medicine, catalysis, and photonics.1 Self-assembled monolayers (SAMs) on planar 

surfaces, most commonly gold, are widely used in the nanosciences.3,4 In gold-based 

applications, SAMs consist of a chemisorbed species comprising (i) a reactive headgroup 

(typically a thiol) for binding to the metal substrate, (ii) a linker portion, generally an alkyl 

chain and (iii) a terminal group, consisting of a functional group that will impart the desired 

chemical properties of the resulting SAM.3  These thiol species typically form well-ordered 
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overlayers on the metal, covering the planar surface.  This is one of the most common 

bottom-up approaches to creating different devices for use in nanosensing technologies.1,2  

 

 

 

Figure 1 - Self-Assembled Monolayer 

SAMs are deposited on planar metallic surfaces.  One such commonly used surface is 

the (111) Miller index of an face centred cubic (FCC) crystal, as this is the most 

thermodynamically stable surface of the coinage metals.1,3,5,6 Gold is most commonly used 

in SAMs due to its resistance to tarnishing and oxidation, while retaining good electrical 

and thermal conductivity for various applications. Gold is also easy to clean without the 

worry of damaging the surface structure.   

Within this thesis, various SAMs will be studied (generic SAM depicted in figure 

1); bilayer applications may be pursued in future work. Monolayers are more commonly 

used for devices as well as creating hydrophobic surfaces.3 SAMs can also be applied to 

lab-on-a-chip technologies to pattern a surface with either hydrophobic or hydrophilic 

compounds, templating a pattern with the help of a mask or protective polymer, which is 

subsequently washed away after deposition.3  
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1.1.2 Preparation of Self-Assembled Monolayers 

The SAM preparation technique depends on the application.  Two very common 

deposition techniques are chemical vapor deposition in vacuum, or deposition of the SAM 

forming compound from solution onto a clean surface.1,6 In either case, subsequent 

chemical modification of the terminal group may also be carried out.  Vacuum deposition 

is commonly carried out under ultra-high vacuum (UHV) conditions to reduce 

contamination as well as to avoid air and water, which might react unfavorably with the 

SAM-forming species.3  This is particularly true for electronics applications. Solution 

based depositions generally take place under ambient conditions, or within a glovebox 

environment.  Such conditions are commonly used for fabrication of chemical sensors.4,6  

1.1.3 Characterization of Self-Assembled Monolayers 

Surface characterization is a very diverse field, which is comprised of both 

microscopic (imaging) and spectroscopic (chemical analysis) techniques to identify the 

surface structure and chemical composition. Both techniques complement one another and 

efficiently permit the determination of what is present at a surface or interface. There are a 

variety of microscopic techniques that are used for imaging a surface; one of the more 

common methods is scanning tunneling microscopy (STM), which provides information 

on both surface topography and electronic structure, but is limited to metallic or 

semiconducting materials. Another common imaging surface technique is atomic force 

microscopy (AFM).  While providing only information on sample topography, and 

typically more limited in resolution, AFM may be used on both conducting and non-

conducting substrates.  Chemical analysis or spectroscopic analysis is carried out by a 

variety of techniques, depending on the surface under study, and the information to be 
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gleaned. A highly effective surface-sensitive spectroscopic technique is X-ray 

photoelectron spectroscopy (XPS). This spectroscopic technique is capable of measuring 

the elemental composition, chemical states, as well as the electronic state of the surface or 

material being characterized. A complementary surface characterization technique is 

attenuated total reflectance-Fourier transform infrared spectroscopy (ATR-FTIR). ATR-

FTIR is most commonly used at thin film interfaces for measuring the vibrational states of 

surface-bound substrates.3,6 

1.2 Thiol-Based Self-Assembled Monolayers 

1.2.1 Use of Thiols on Surfaces 

Thiols are very commonly used in surface/interface chemistry.2–6 They have been 

widely reported on in the literature for the past three decades.2–6 They are used on various 

metallic surfaces including gold, silver, copper, and palladium. Gold has been studied the 

most due to the chemical stability of the metal substrate, ease of handling, and the fact that 

the reactivity of thiols with Au often leads to well-ordered SAMs.  Thiols deposited onto 

gold (111) surfaces are known to assemble in domains of √3 x √3-R30o , as well as a c(2 x 

4) (Figure 2).1 Both thiols lattices co-exist on flat gold, but the relative amounts may be 

influenced by both the length of the linker chain, and the nature of the terminal functional 

group.7,8 
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Figure 2 - STM image of reversible surface structure of thiols on an Au(111) surface9 

In addition to thiol deposition on planar gold surfaces, systems involving thiol-

terminated nanoparticles and nanoclusters have also been extensively investigated.1 The 

wide range of linker chain lengths and terminal groups available brings added functionality 

to each of the surfaces and interfaces.4,6,10,11   

1.2.2 Bonding Motifs  

The thiolate gold system is well studied, but has also been debated in the literature 

in recent years, particularly questions surrounding the binding mechanism of the thiol to 

the gold.11–13 The self-assembly process consists of several steps, the first being a 

physisorption step in which the sulfur head group is bound to the metal, while the linker 

chain lies down on the metal surface and is otherwise disordered.6 Secondly, the thiol 

nucleates to an upright or standing up phase which typically lies between 0-30 degrees 

from the surface normal.6 Both of these phases have been characterized and studied 

kinetically during deposition.3,4,6 
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Figure 3 - Structural model of a (√𝟑 𝒙 √𝟑)𝑹𝟑𝟎𝒐 and 𝐜(𝟒  𝐱 𝟐) thiol lattice on Au (111)13  

The binding mechanism on a flat gold surface became the target of debate when 

evidence of a “staple” shaped adatom bonding motif was characterized on a low thiol 

coverage Au (111) surface by Maksymovych et.al.11 A year later, Jadzinsky et al. 

characterized the same staple bonding motif by obtaining a single crystal X-ray structure 

of an Au102 cluster.12 The new evidence of a staple bonding in gold clusters led to a debate 

of the widely accepted and agreed upon three-fold hollow site bonding (Figure 3).13 Despite 

years of evidence of a hollow site and hollow bridge site deposition1,3,5,6 this raised the 

question:  was there a possible secondary thiol gold bonding motif? This staple bonding 

motif has been researched further since its discovery and its local chirality has been another 

topic of interest.14 

1.2.3 Surfaces Defects 

Thiol SAMs on gold surfaces are key players in the field, specifically when it comes 

to sensing technologies.3,4,6 Even with some industries built around thiol chemistry, there 

remain many limitations and drawbacks to the current technology.  One of these is defects 

in surface structure resulting in incomplete surface coverage.6 Defects have been observed 

due to the known dynamic nature of thiol deposition on Au(111) above ambient 



 

7 

 

temperature.15 Defects reported in the literature include pinholes, small islands comprised 

of adatoms, liquid-like domains full of disorder, and holes caused by hydrocarbon chains 

not fully extended affecting the tilt.5,6 

Pinholes present in thiol monolayers can be produced in one of two ways. The first 

is defects on the bare Au surface.  Pit-shaped defects several atoms wide result in 

incomplete bonding of the thiol to the gold. The second cause of a pinhole defect in a thiol 

monolayer is the lack of full extension of a hydrocarbon chain within a densely covered 

surface.3,6 

 

Figure 4 - Au Islands6 

Surface defects and disorder may also arise from the formation of adatoms and 

small islands, as depicted in Figure 4.6 Island size affects thiol binding, particularly if the 

island surface area is small, leading to a high perimeter to area ratio.6 These island 

formations create a high density of step edges which in turn can affect the tilt direction of 

the adsorbed SAM. This consequently creates a “V” shape void offset by the height of a 

gold atom, not ideal for some surface sensing applications. This can also lead to the 

introduction of zig-zag domain boundaries into a surface, reducing its uniformity.6 Low 

concentration areas trapped within the artificial boundaries created on the surface by these 

zig-zag areas can lead to a liquid-like region appearing, which is not ideal for many 

applications.5,6   
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1.2.4 Applications of Self-Assembled Monolayers 

Even with the above-noted limitations of thiol-based SAMs, they are still widely 

used in some industries.3,16 SPR sensing, in particular, has played to the strengths of the 

gold thiol SAM, as the gold plasmon is quite sensitive to changes in the surface 

environment, gold itself is quite inert, and the thiol layer can be chemically modified to 

preferentially bond to a wide range of biomolecules.16 However, SAM applications in SPR 

are limited to aqueous non-oxidative media at ambient temperatures.2,3,5,6 Thiol 

monolayers have also been used as temporary protective metal coatings or as temporary 

hydrophobic coatings when used with longer hydrocarbon chains.3,5,6 Charge transfer 

properties have been explored for application in electronics as well as lab on a chip 

application.3 The simplicity of the fabrication process makes the application of SAMs 

appealing to industry application. 

1.3 N-Heterocyclic Carbenes 

1.3.1 A Brief History of the N-Heterocyclic Carbene 

 N-heterocyclic carbenes (NHCs) are heterocyclic species containing at least one 

nitrogen atom within a ring structure as well as a carbene-containing carbon.17 Carbenes 

are known reactive carbon-containing species with a divalent carbon containing 6 valence 

electrons. NHCs tend to have a singlet ground state with the electron pair on an sp2 

hybridized carbon atom.17 

Attempts to synthesize and isolate carbene species date back to the work of Dumas 

et al. in the year 1835.17,18  In 1991, Arduengo et al. were the first to successfully isolate 

an NHC and characterize it by X-ray crystallography.19 The specific NHC,  1,3-



 

9 

 

di(adamantyl)imidazol-2-ylidene, was named the “Arduengo carbene”.17,19 The isolation 

and characterization of the Arduengo carbene has led to a large library of NHCs.17,19,20  

Previous to Arduengo’s work, Breslow et al. proposed an in situ formation of NHCs 

in D2O from thiazolium salts.17,21 They then proceeded to show an example of catalysis 

with the use of the in situ-generated carbene.22 In 1960, Wanzlick et al. proposed a free 

carbene species via degradation of an adduct.17,18 Imidazolin-2-ylidene NHCs from the 

work of Wanzlick were generated from the loss of the chloroform adduct on the carbene 

carbon. It was also noted that the NHC would exist in an equilibrium which favored the 

formation of the dimer species; this has become known as the Wanzlick Equilibrium.17,18,23 

Wanzlick et al. then reported the first synthesis of a metal-NHC complex by reacting the 

free imidazolin-2-ylidene with mercury.17,24  

 

  

Figure 5 - Structure of NHCs17 

The stabilization of NHCs is explained with the Wanzlick equilibrium. This 

stability arises from both steric and electronic effects present in an NHC.  The presence of 

a carbene moiety favours dimerization, and an increase in steric hindrance on the N-

substituents reduces the probability of dimer formation.19,25 Electronically, the carbene 

carbon atom, which is an sp2 carbon contains two free electrons in a single p orbital. This 
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singlet carbene is stabilized by the heteroatoms donating electron density into the vacant p 

orbital, representing the lowest unoccupied orbital (LUMO), as depicted above. Nitrogen 

atoms surrounding the carbene carbon are crucial to stabilizing the NHC inductively and 

via the mesomeric effect. Being more electronegative than carbon, N lowers the energy of 

the sp2 lone pair by the electron withdrawing inductive effect, while the π-electrons of 

nitrogen donate into the empty p-orbital of the carbene carbon via mesomeric stabilization, 

favoring a singlet state.17 Finally, the backbone of the NHC provides stabilization due to 

the overall aromaticity of the system.   

1.3.2 Coordination of NHC to Transition Metals  

Strong sigma donation from the NHC as well as its steric tunability makes it an 

exceptional ligand for transition metal complexes. In 1968, the first two metal centered 

NHC complexes were isolated by Wanzlick et al. and Ofele et al. with Hg(II) and Cr(0) 

metal centres respectively.17,24  Since the original studies by Wanzlick and Ofele, other 

transition metal NHC complexes have been documented in the literature.17,18 

NHC metal complexes are most commonly prepared through the in situ 

deprotonation of an azolium salt. Strong bases that are commonly used for the 

deprotonation are potassium tert-butoxide (KOtBu), potassium hexamethyldisilazide 

(KHMDS), and sodium hydride (NaH).18,19,26 The limitation of this technique is that the 

free NHC species is moisture and air sensitive, so an inert atmosphere is required. This also 

significantly inhibits lager scale production.   
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1.3.3 Carbenes on Au 

The first report of stable NHC monolayers was by Siemeling et al. in 2011.27 The 

study reported the use of 1,3-diethylbenzimidazol-2-ylidene as well as some of the dimer. 

It was reported that 1% of the dimer was dissociated in solution at room temperature giving 

a concentration of 0.1 M. This does raise the question if the actual monomeric species was 

present on the surface due to the presence of the Wanzlick equilibrium. Siemeling did 

propose two possible deposition methods, the first being dimer coordination to the surface 

of the gold surface followed by a fission reaction producing an NHC bound to gold.27 The 

second proposed deposition mechanism relied upon an equilibrium that depletes the less 

stable monomer; as more of the monomer deposits more of the dimer, which can dissociate 

and deposit on the surface. This work was an important step towards having a stabilized 

gold surface that was not a thiol-based system. 

 

Figure 6 – A)  Imidazolin-2-ylidene NHC B) AFM imaged NHC polymerized gold surface28 

The second report of an NHC monolayer was by Zhukhovitskiy et al. where the 

surfaces were used in the chemical modification of the monolayer.28 Monolayers of 

imidazolin-2-ylideneNHCs (Figure 6a) were prepared on gold coated silicon wafers. The 

monolayers were then subjected to Grubbs third generation catalyst to demonstrate ring 

opening metathesis polymerization. This was the first report of a gold-NHC monolayer. 
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The surfaces were characterized by XPS and AFM to give information about surface 

topography.  

 

Figure 7 - Library of NHCs on Gold29 

In 2014, the Crudden and Horton groups published on the stability of NHC 

monolayers on gold surfaces compared to the classical thiolate monolayer.29 This work 

showed that the NHC monolayers did provide a stronger bond to gold than the thiolate, 

which translated to greater stability for the thiolates to a variety of harsh conditions.  A 

series of NHCs were deposited on gold (Figure 6) which were characterized on the surface 

via XPS and STM experiments. These NHCs were deposited via the free NHC formed by 

deprotonation with a strong base. It was reported that the gold-NHC bond is 158±10 kJ 

mol,30 which is approximately 32 kJ mol stronger than a thiolate-gold bond.31 It was 

observed that bulkier NHCs contribute to a loosely packed or less organized monolayer on 

the gold surface.  
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Figure 8 - Bench stable NHC deposition methods30 

In 2015, a follow up paper by our groups was published with a bench stable NHC 

bicarbonate salt precursor used for the preparation of NHC films.30 This precursor was 

designed to by-pass the limitations of an inert atmosphere of a glove box and the harsh 

conditions of a free NHC deposition. The report shows that the bicarbonate salt can be 

deposited both in solution and vapour phase, which allows for the simple fabrication of 

thin films. The geometry of the NHC bonding on the surface (i.e. upright or flat lying) was 

determined by high resolution electron energy loss spectroscopy (HREELS). These bench-

stable NHC films on gold were also employed for SPR sensing of proteins and were 

compared to a commercial thiol on a gold sensor called the HPA chip.30 The NHC 

monolayer did outperform the HPA chip in terms of baseline stabilization as well as the 

surface quality of bilayer due to the minimal vesicle formation.30  
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1.4 Au Surfaces  

1.4.1 Au (111) Surface 

The most stable structures of gold are FCC with the Miller indexes surfaces (100), 

(110), (111).2,32 Surface energies for these various surface orientations are 0.08, 0.10, and 

0.05 eV/Ǻ2 respectively.2,32–34  

 

Figure 9 - (100), (110), (111) FCC Crystal Surface2 

Gold has various advantageous physical properties including that it is one of the 

most ductile and malleable elements in the periodic table.35 Gold possesses one of the 

highest electrical conductivities and thermal conductivities of all the elements.  The gold 

(111) facet contains the lowest surface energy compared to other gold facets.2 The gold 

facets have also been observed to reconstruct at the surface35 which has been investigated 

by many surface techniques such as low-energy electron diffraction (LEED)36, helium 

argon scattering35, STM37–39, as well as supplemented by density functional theory (DFT) 

calculations.2 These reconstructions are usually due to adatoms and small islands that 

create step edges to create the lowest energy surface.2 Reconstruction of the (111) surface 

is largely dependent on the temperature of the system and the step density, which in turn 

limits the reconstructions of the first and upper most layers of the gold surface.  
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1.4.2 Heavy Metal Detection in Drinking Water 

Tau et al. have employed 11-mercaptoundecanoic acid and 2-aminoethanethiol to 

anchor a tripeptide or histidine tag to the surface for the detection of heavy metals by SPR 

(Fig. 10).40 The histidine tag employed by Tau was a glycine-glycine-histidine sequence, 

specifically chosen for its affinity to Cu2+ and Ni2+
 ions. The specific tripeptide is known 

to make a 4 coordinate complex around Cu2+ and Ni2+.41,42 Dielectric changes of the 

functionalized surface corresponding to conformational and mass changes are detectable 

via SPR.  

 

Figure 10 - Thiolate Bound Tripeptides40 

Differential SPR was shown to give real time selective detection of Cu2+ and Ni2+ 

with detection in the part per trillion (ppt) and part per billion (ppb) range in drinking 

water.26 This is an efficient and very sensitive technique with a selective binding 

mechanism that can be tuned to detect a variety of metal ions.  
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The surfaces employed were 50 nm gold, chosen for its optical and electronic 

properties promoting SPR. The peptides were synthesized via continuous flow automatic 

peptide synthesizer with the use of Fmoc chemistry and then purified via high-performance 

liquid chromatography (HPLC). Two deposition methods were used in this work. The first 

was an overnight deposition of 11-mercaptoundecanoic acid followed by activation of the 

carboxylic acid in preparation for peptide coupling via 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide hydrochloride (EDC).  Faster deposition times (2 hrs) 

were also examined. Tau et al. did conclude that this SPR method was cost-effective and 

portable compared to conventional atomic absorption spectroscopy. After 1 week, it was 

found that the chip was no longer giving reproducible results. We imagined that chip 

longevity could be improved by employing a stronger binding ligand compared to 

traditional thiols.  

1.5 Silver Surfaces   

1.5.1 Properties of Silver 

Clean, unoxidized metallic silver is the most electrically and thermally conductive 

metal,4 therefore, an ideal metal to use in electronics and SPR sensing. However, 

oxidization and tarnish does diminish these properties. Gold, unlike silver does not react in 

atmospheric conditions which in turn does not affect its properties. Silver also possesses 

anti-bacterial properties which have been observed in the literature.3,43 The anti-bacterial 

properties of silver should not impose limitations on bio-sensing because live cells are not 

commonly studied in these experiments. Protein interactions are commonly explored in 

SPR bio-sensing.  
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1.5.2 Functionalization of Silver 

The use of silver in SPR is not as well documented due to the difficulty of getting 

an unoxidized or untarnished surface. The reactive nature of silver requires protection of 

the bare silver surface, usually by a thin layer of gold.44 The thiol lattice on a silver surface 

has been characterized and well established.3,4,45 

 

Figure 11 - Reconstructed Model of a Methylthiolate on Ag (111)4 

LEED and STM experiments have been used to confirm the √7 𝑥 √7𝑅19.1𝑜 thiol ordering 

on the Ag(111) surface.3,4,46 The silver surface thiol structure gives a tilt angle of 19.1o 

from the surface normal, which is considered to be a high quality SAM.3  

1.5.3 Applications of Ag  

One of the leading applications of silver nanoparticles3,6  is anti-bacterial.43,47 High 

surface area silver nanoparticles are also used in SPR applications48, but typically coated 

with a thin layer of gold to prevent oxidation or tarnishing but still take advantage of 

silver’s strong SPR effect.3,4,49 Therefore, a stable silver surface that is not sensitive to 
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oxidation or tarnishing and that could be used for SPR sensing without requiring an 

overcoat of gold would be very valuable.   

1.6 Thesis Motivation and Objectives 

The principal motivation behind this thesis is to further understand the interactions 

between NHCs and Ag and Au metallic surfaces.  Previous work done in the Crudden and 

Horton groups showed that NHC monolayers were able to resist a variety of harsh 

conditions that typically destroy thiol monolayers deposited on Au.29,30 My goal was to 

establish a method to synthesize and functionalize an NHC with a tripeptide, which could 

then be deposited onto a gold surface for use with sensing techniques and small molecule 

sensing instruments like surface plasmon resonance or quartz crystal microbalance (QCM) 

respectively. In particular, heavy metal detection using Histidine based tripeptide is useful 

for the detection of heavy metals in water, and therefore I will describe attempts to 

functionalize an NHC with a histidine-based peptide.   

The second goal of this thesis was to apply a stable NHC SAM to silver surfaces 

for a fundamental study of oxidation and corrosion. Overcoming the reactive nature of 

silver surfaces that are prone to oxidation and tarnishing can lead to the application of 

devices such as SPR based sensing.    

1.7 Structure of Thesis 

After the first introductory chapter, the second chapter will briefly cover surface 

characterization and deposition techniques used throughout the thesis. The third chapter 

will cover the various attempts and current progress towards the synthesis of both the 

functionalized NHC and the peptide. The fourth chapter will cover the work performed on 
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various Ag surfaces, including preparation and cleaning technique. The final chapter will 

summarize the work and comment on the scope of future work in the projects described in 

the thesis.  
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Chapter 2 

Characterization Techniques 

2.1 X-Ray Photoelectron Spectroscopy (XPS) 

XPS is an element-specific analysis technique based on the photoelectric effect.50 

XPS is especially useful for the determination and confirmation of an empirical formula of 

a surface species deposited on a material.50 XPS is commonly used for the analysis of 

SAMs on bulk metallic/semiconductor surfaces but can be used to characterize 

nanoparticles/clusters, complexes as well as polymer materials.50 In particular, XPS is 

useful for the characterization of carbene SAMs on metals, as both the carbene and metal 

components can be probed. 

The basic principles of XPS are depicted in Figure 12. First, X-rays are fired at the 

sample of interest and cause electronic excitations within the sample. If a sufficient amount 

of energy is absorbed by the sample to overcome the work function, the electrons are 

ejected towards a set of electrostatic or magnetic lenses. The lens system focuses and 

gathers the ejected electrons into the hemispherical analyzer. The lens system also controls 

the energies (by increasing or decreasing their energy) of the photoejected electrons to 

match the pass energy of the hemispherical analyzer (HSA) for the element of interest. The 

electrons then pass through to the HSA where a pass energy (E0) is applied so that only 

specific electrons can pass onto the detector. 
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Figure 12 - XPS Depiction 

The XPS X-ray source can be either monochromatic or achromatic.51,52 Common 

X-ray sources use either Al or Mg Kα X-ray emission. The choice between these largely 

determines the highest accessible photoelectron peak energy and full-width half maximum 

(FWHM) of the photoelectron peak.51 The FWHM is the width of a given peak (in energy 

units) at one half its maximum intensity. Metals like Zn, Ag, Ti, and Cr can also be used 

as X-ray sources; however, as the photon energies increase from the X-ray source the line 

widths become larger which in turn lowers the resolution of the instrument.53   

 Furthermore, XPS instruments can operate in either fixed analyzer transmission 

(FAT) mode or fixed retarded ratio (FRR) mode. The more common FAT mode uses the 

lenses to control the electrons by increasing or reducing their kinetic energies.54 In addition, 

the HSA maintains an average constant (E0) for the element being scanned.54 On the other 
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hand, the FRR mode allows all of the ejected electrons through, and the HSA dynamically 

adjusts the E0 as the scans proceed for the element of interest. The XPS used for the 

experiments in this thesis was operated in the FAT mode.  

2.1.1 XPS Mechanism   

The principle of the XPS mechanism is based on the photoelectric effect, 

whereupon X-ray-excited electrons are photoejected from the material with specific kinetic 

energies.55 This effect is used to calculate the binding energy, EB of the photoejected 

electrons by the following equation 

𝐸𝑏 = ℎ𝑣 − 𝐸𝑘 −  𝜑 

where h is Planck’s constant, v the X-ray frequency and Ek is the kinetic energy of the 

photoelectron from the sample. The binding energy of the photoelectron is element specific 

and typically what is of interest in an XPS experiment. Finally, the work function φ, is the 

surface potential difference between the Fermi energy of the spectrometer and the vacuum 

(zero) energy.50  

 When an X-ray strikes the sample, there are two pathways that an electron can take. 

The first path is that the photoejected electron overcomes the specific binding energy of its 

orbital, the valence band, and the energy of the φ and is passed to the lens system. The 

second pathway that can occur is the photoelectron is ejected and then the hole that was 

created is filled by an excited electron that relaxes down to that hole. The energy that is 

released from the relaxation is then transferred to another electron that is then ejected using 

the energy that was supplied to it.50 This process is called Auger transmission and the 

kinetic energy of this Auger electron is governed by the energy difference of an electron 

that falls from a higher energy orbital to a lover energy orbital.50,51  
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Figure 13 - XPS Excitation 

2.1.2 XPS Data Analysis 

After the raw data is acquired, it is subjected to background subtraction to account for the 

background scattering of secondary electrons, and then fitted by polynomial functions to 

identify the surface species. All XPS processing and analysis in this thesis was carried out 

with the Avantage program. 

One of the most common background functions that are applied to XPS raw data is 

the Shirley background function. The Shirley function accounts for energy steps found over 

scan intervals of elements.54 This energy step is caused by the various electrons that are 

being bombarded with X-rays that are scattering from the orbitals that are being scanned. 

The background scattering is affected by the population of the orbital that being scanned 

on the material which affects the size of the energy step created on the spectra that are 

fitted.56 
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The most common functions applied to background subtraction spectra are the 

Gaussian, Lorentzian, and Voigt functions. The Gaussian function better describes X-ray 

line shapes while the Lorentzian model helps with a line broadening due to the collision 

broadening.54 The Voigt function is a combination and distribution of Gaussian and 

Lorentzian functions. For the XPS experiments in this thesis, Voight functions were 

employed at 30% Lorentzian and 70% Gaussian.  

2.2 Electron Beam Vapor Deposition  

A flat, thin, and clean metallic surface is exceptionally difficult to obtain given the 

reactivity of some metals, and in particular, silver. One common method to deposit metals 

on other metals is electroplating; however, this method will often result in a rough 

surface.57 Electrochemical depositions are traditionally also carried out in aqueous media, 

and so potential oxidation is always a concern.57 On the other hand, electron beam vapor 

deposition (EBVD) can yield a flat and thin polycrystalline surface with exceptional 

control. The major advantage of this method is that the deposition rate is controlled and 

can be as slow as 1 nm per minute to as high as a few micrometers per minute. The material 

utilization efficiency is high relative to other methods used in surface deposition and the 

process offers structural and morphological control of films if needed.58 This method of 

deposition produces surfaces as clean as the deposition material so it is crucial to use high-

purity metals.  
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Figure 14 - Electron Beam Vapor Deposition Diagram 

The first stage in EBVD is carried out under UHV in order to allow the electrons 

to pass from filament to the metal precursor material, and further, to allow the base metal 

to be vaporized and deposited. The metal to be vaporized in the crucible is typically 

composed of a deposition grade metal with minimal impurities. The metal to be deposited 

is heated to near melting point and is then bombarded by electrons from the filament, which 

in turn deposit onto the substrate material. The deposition depth of the metal is measured 

in situ by a quartz crystal microbalance mounted adjacent to the substrate. Using this 

technique, one can deposit a film as thin as 5 angstroms or 0.5nm. The EBVD used in this 

thesis was housed in the Nano Fabrication Kingston (NKF). 
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Chapter 3 

Au (111) Surface Peptide Functionalization  

High-resolution differential surface plasmon resonance (HRSPR) is a powerful 

technique for analytical sensing.59 For example, Tao et al. used thiol-functionalized 

peptides on Au surfaces to accurately measure and quantify the binding of specific metal 

ions in the ppt and ppb range.60 This method has proven successful, however, the overall 

stability of thiol SAMs is limited and thus we planned to explore NHCs as linkers.29 

In recent work done by the Crudden and Horton groups, it was shown that NHC 

films on Au(111) surfaces showed greater stability then traditional thiol SAM surfaces.29 

Therefore, it was rationalized that a tripeptide-functionalized NHC could be used for 

HRSPR and compared to the performance of the thiol HRSPR sensor. 

3.1 Carbene Synthesis 

3.1.1 Iodine Salt Method  

In initial NHC deposition work performed in our groups, the preparation of NHC 

films required inert atmosphere conditions.29 In 2016, the Crudden group developed a 

bench stable NHC bicarbonate salt in an elegant and simple two step procedure with 

minimal purification needed.29,30 This NHC salt has allowed for new opportunities in chip 

preparation and fabrication. 
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Figure 15 - Original Bicarbonate Salt Synthesis 

This NHC bicarbonate salt could be deposited on gold under ambient conditions 

and in wet solvent, opening the door for easier sensor fabrication as seen in recent works.61 

The bicarbonate salt also allowed for vapour deposition in vacuum, further demonstrating 

the versatility of this compound for the preparation of SAMs.30 

3.1.2 Functionalization of NHC 

Modifying the functional groups on the backbone of NHCs allows for surface 

functionalization through tethering various chemical species to the surface. The proposed 

method of putting a peptide on the surface of gold requires the introduction of the peptide 

following NHC deposition on the surface. For this to be effective, the peptide needs to be 

protected at the N-terminus end so there will be no possibility for homocoupling in further 

steps of the synthesis.  

An alternative approach would be peptide coupling onto the NHC in solution before 

surface deposition. This presents a series of challenges. The first problem is the need to 

produce an NHC bicarbonate salt in the presence of peptide functional groups. The acidic 

proton from the imidazole on the tripeptide would present another site to deprotonate and 

produce a salt which would inhibit or slow down the production of the NHC salt. If the 

NHC salt was to be produced successfully, then a further hurdle is the deposition of the 
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tethered peptide. It is known that histidine can adsorb and coordinate to gold surfaces.62,63 

The specific tripeptide employed by Tao et al. has been deposited and adsorbed on gold 

surfaces without a thiol anchor indicating that there will perhaps be a competitive 

deposition from both the NHC end and peptide end of the of the compound.62,63 This 

competitive deposition will defeat the purpose of the heavy metal sensing. Therefore, it 

was decided to first deposit an end-functionalized NHC, and then introduce the peptide.  

 

 

Figure 16 - Terminal Long Chain Hydroxide NHC 
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The first step of the synthesis outlined in Figure 16 is an SN2 reaction of 11-bromo-

1-undecene with compound 4.30 The benzimidazole 6 is then prepared via iron catalyzed 

ring closing with formic acid.28 Compound 7 is then prepared with 2-iodopropane and an 

excess of cesium carbonate.30 The terminal alcohol functional group is installed via a 

hydroboration reaction and then oxidation to yield compound 8. This NHC iodine anion is 

then converted to a bicarbonate anion with the Amberlyst resin.30 

 

Figure 17 – Proposed Peptide Deposition 

The alkoxy-terminated bicarbonate NHC salt 9 will be deposited onto the Au (111) 

surface in methanol for 48 hours to yield a uniform SAM, as shown schematically in Figure 

17.  Functionalization of the NHC can then be carried out on the surface with a standard 

coupling agent as depicted. NHCs on the surface of gold are understood to withstand high 
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pH conditions, so the basic Fmoc deprotection on the surface should not damage or disorder 

the already deposited NHC.29  

3.2 DCC Peptide Synthesis  

3.2.1 Synthesis Attempts  

Two routes were chosen for the peptide synthesis:  the first employs a solid support 

and in the second case, a homogenous solution phase approach. The method that was 

chosen first was the Merrifield synthesis method the used as solid support to build the 

tripeptide.64 This synthesis works off the premise of building the peptide from the N-

terminus, while the C-terminus is bound to the support. The second route that was then 

attempted in the synthesis of the tripeptide was using solution phase chemistry.65 

The amino acids that were used in the N,N'-dicyclohexylcarbodiimide (DCC) and 

N,N'-diisopropylcarbodiimide (DIC) synthesis methods are histidine and glycine to prepare 

the His-Gly-Gly target tripeptide. The amino acids were then protected with benzyl 

chloroformate (Cbz-Cl) using the conditions shown in Figure 18, below. These are standard 

conditions for Cbz protections.66  
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Figure 18 - Glycine and Histidine Protection Conditions 

 Protection of glycine proceeds with Cbz-Cl and 4M NaOH in a 62% yield to 

produce compound 14. Mono protected histidine 16 is produced by treatment with 1.2 

equivalents of Cbz-Cl in 60% yield with impurities. To yield compound 18, 2.4 equivalents 

of Cbz-Cl are used with two more equivalents of base. These conditions still gave a mixture 

the mono and di protected products. Extending the reaction time followed by methanol 

recrystallization gave compound 18 in a 42% yield.  
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Figure 19 - General DCC Synthesis Method 

The first step carried out in solid support peptide synthesis is coupling the first 

protected amino acid to the Merrifield resin composed of chloromethylated polystyrene 

polymer bead.64 The protected histidine was esterified onto the resin in the presence of 

triethyl amine at reflux for 48 hours. The N-protecting group was removed under acidic 

conditions for 5 hours and then neutralized with triethyl amine to the free amino acid form. 

Glycine was coupled to histidine via a DCC-promoted coupling through the N-terminus of 

the histidine to the C-terminus of glycine. The resin was then washed and filtered, the 

coupling was then repeated with half of the equivalent of the reagents for 4 hours to ensure 
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full completion on coupling to the resin. N-Protected glycine was deprotected using acidic 

conditions of hydrobromic acid (HBr) for 5 hours to remove the Cbz group and then 

neutralized. The last glycine was then coupled with DCC, once again for 18 hours, followed 

by half an equivalent of protected glycine and DCC for another for 4 hours. A final 

deprotection with HBr was performed. The tripeptide was then liberated from the resin 

under basic conditions for 1 hour, filtered and neutralized. The resin was then resubmitted 

to the same conditions the ensure a complete cleavage of the peptide.  

 The DCC coupling method proved to be unsuccessful. The tripeptide was not 

successfully characterized by NMR and the target mass was not observed when the product 

was subjected to ESI-MS. There are several reasons why this method failed. The lab was 

not equipped with the appropriate shakers meaning that a stir bar had to be used as the 

method of mixing. We observed damage and cracking of the resin over long stir times, 

which in turn lowered the reactivity of the resin.  In addition, the resins’ high degree of 

crosslinking could have affected the ability of the amino acids and reagents to diffuse to 

the reactive sites, even over extended reaction times. 

3.3 DIC Peptide Synthesis  

3.3.1 Synthesis Attempts  

In attempts to improve the synthesis using a solid support method, another set of 

reaction conditions were used to decrease the coupling time, as described by the Kent 

group.67 These new conditions employ DIC, hydroxybenzotriazole (HOBt) and N,N-

diisopropylethylamine (DIPEA) instead of DCC and NEt3. These conditions reduce the 

reaction times from 22 hours to 45 minutes, and allowed for manual shaking instead of 

stirring. The synthetic pathway that was proposed and executed is shown in Figure 20; the 
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esterification of histidine and deprotection stage in this coupling method did not differ from 

the process described above.  

The coupling conditions consisted of the resin, protected amino acid salt, HOBt and 

DIC for 30 minutes to activate the esters, followed by the addition of DIPEA for 15 minutes 

then allow for the complete formation of the amide. This method does use 4 equivalents of 

the protected amino acid to promote rapid coupling. The use of stir bars during the synthesis 

of both the DCC and DIC method impeded the reactivity of the entire synthesis due to the 

grinding of the resin. This was noticeable as the synthesis progressed and the resin appeared 

to get finer with every reaction. 
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Figure 20 – General DIC Synthesis Method 

 The change in coupling conditions did not prove to be successful. NMR and ESI 

mass spectrometry confirmed that the tripeptide product was not present. The stir bar 

mixing during the 5 hour deprotection of the blocking groups is still most likely damaging 

the resin and lowering its reactivity. The crosslinking of the polymer could be affecting the 

reactivity as well. 

3.4 Fmoc Synthesis  

3.4.1 Synthesis  
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The synthesis of the tripeptide was performed using standard Fmoc synthesis with Boc 

secondary chain protection. The synthesis employed the 2-chlorotrityl resin. A peptide 

synthesis vessel was used and argon bubbling was used in place of mechanical agitation.  

 

 

 

Figure 21 – Fmoc General Synthesis 
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The first step of the peptide synthesis was an esterification at a terminal tertiary 

carbon of the resin. The reaction was carried out in a pre-swollen resin in 

dichloromethane (DCM) for 30 minutes. This reaction was agitated by gentle stirring 

but could have also being agitated by gas bubbling. The resin was drained in the work 

up and the remaining unreacted sites were esterified using acetic acid and base to help 

prevent and protect different chain length peptides from being formed on the resin in 

further reactions. The deprotection step was initiated with a 20% volume of piperidine. 

This part of the synthesis was tracked via UV-Vis spectroscopy due to the chromophore 

that is produced from the deprotection of the Fmoc group. The spectral line that is 

produced from the Fmoc chromophore is at 301 nm; once this is no longer present in 

the collected solvent, the reaction is complete and the bound species is fully 

deprotected.  

The last step in the synthesis is the coupling of the next amino acid. This was carried 

out using 1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium-3-

oxid hexafluorophosphate also known as HATU. HATU is effective because the 

pyridinium triazole within its structure creates an active ester on the amino acid to be 

coupled. This coupling method did require five equivalents of amino acid as well as 

HATU in order to ensure complete coupling. This is easier to handle than DIC and 1-

hydroxy-7-azabenzotriazole HOAt or 1-hydroxy-7-azabenzotriazole HOBt due to the 

fact that both triazole compounds are explosive.  

The final step of cleaving the Fmoc protected peptide from the resin was carried 

out with a standard triflouroacetic acid (TFA) cocktail containing 95:2.5:2.5 ratios of 

TFA:triisopropylsilyl ether (TIPS):H2O. The TFA cleaves the peptide from the resin 
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and deprotects the Boc-protected imidazole. TIPS and water are specifically used to 

scavenge reactive cations during this reaction which can diminish the yields by 

reattachment or binding to the resin. The crude peptide was characterized via NMR and 

mass spectrometry. There was evidence of the residue polymer solid support and the 

dipeptide in the mass spec.  

 The successful synthesis of the crude tripeptide following standard Fmoc chemistry 

pointed out some areas where the previous DCC and DIC methods could have been 

problematic. The first fault in the previous synthetic coupling attempts is the inability 

to track the removal of the protecting group. As was observed in the Fmoc synthesis 

via UV-Vis spectroscopy, it was evident that the deprotections were not complete after 

4 attempts. The number of peptide deprotections increased as the length of the peptide 

increased. This was directly related to the mesh size of the resin as well as the length 

of the peptide and solvent effects. In the previous DCC/DIC coupling methods where 

deprotection was not tracked, only 1 deprotection was performed which would not have 

completely deprotected the resin.  

Due to time constraints, sufficient quantities of the peptide could not be prepared 

for deposition on gold. Therefore the next steps in this project would be scaling up the 

synthesis and carrying out reverse phase purification of the peptide. Surface deposition 

of the end functionalized long chain NHC would then be carried out on gold surfaces 

as reported in our 2016 publication.30 Coupling conditions on the surface would then 

be established and the surface characterized after every reaction via XPS.  
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Chapter 4 

Ag Surface Functionalization 

Silver and gold are both a part of group 11 on the periodic table yet their chemical 

properties are drastically different. Silver is much less chemically stable and more reactive in 

atmospheric conditions yet silver is significantly more conductive both thermally and electrically. 

Silver is also more a sensitive substrate for SPR applications. In this chapter, I will describe the 

deposition of a protective NHC monolayer on silver and address the possibility of a stable NHC 

monolayer for SPR applications. 

4.1 NHC Used for Depositions  

4.1.1 NHC Salts  

As addressed in chapter 3, the NHC bicarbonate salt is a bench stable compound 

that is easily used for achieving an NHC monolayer outside of an inert atmosphere. In the 

follow up report to the stable NHC on gold surfaces, a trace iodine contamination was observed, 

likely resulting from the original NHC synthesis which employed iodine salts. Gold is known to 

have a high affinity for iodine, which is detrimental to the creation of monolayers on gold 

surfaces. This incomplete salt metathesis or contamination was brought the group’s 

attention half way through this study.  We might expect similar contamination of the silver 

surface with iodide. Thus, once the iodine contamination was brought to light, triflate NHC 

salts were used exclusively as a precursor for the bicarbonate salt metathesis.  
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Figure 22 - Triflate NHC Salt 

The synthesis outlined in Figure 22 shows identical reaction conditions to those 

employed in Figure 15, with a change of the halide in the first reaction. 2-Bromopropane 

was used instead of 2-iodopropane. This reaction proceeded with the same reaction time, 

but with 2-bromopropane reduced to 2 equivalents. This ensured a mono alkylation on the 

benzimidazole. The second alkylation and triflate counter anion simultaneously gets 

produced during the second reaction step. The final step of the alternate synthesis is to 

exchange the triflate counter ion for the bicarbonate. Fluorine NMR was used to check for 

the presence of the triflate counter ion.  No triflate traces were present in the XPS spectra 

and no interaction between triflate and the metallic surface was observed. 

4.2 Preparation of Surfaces with Adhesives 

4.2.1 E-beam Vapor Deposition 

As discussed earlier in chapter 1.5.1, flat (111) surfaces are ideal for carrying out 

fundamental SAM chemistry. In order to achieve ultra-flat Ag (111) surfaces, I employed 

electron beam vapour deposition onto a silicon (111) surface. Silver’s natural lattice is 

FCC, the lower energy index of which is a (111) miller index packing.68 Two different 

thickness of silver were deposited onto the silicon wafer, 400 nm and 126 nm. The 126 nm 

deposition was used due to electrical failure during the deposition time, which did not allow 

for a 400 nm thick silver surface. The thickness of the silver should not affect the surface 
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chemistry of the NHC depositions. Common surface thicknesses for gold SPR chips in the 

industry is 50 nm,69 so a 126 nm deposition should be adequate. This was cost effective 

way of achieving an ultra-flat and clean silver surface that would be ready for depositions. 

4.2.2 Template Stripping  

The method that was used to prepare ultra-flat and clean deposition ready surfaces 

was template stripping, first developed by Whitesides.70 This technique uses a glass support 

fixed to the silver via an ultraviolet adhesive. The silver around the glass support is then 

lightly scored with a clean razor blade, the glass support is then lifted carefully exposing a 

silver surface that has minimal oxides, and is clean, and flat ready for depositions. XPS 

was then used to characterize the resulting surfaces.  

 

 

Figure 23 - Bare Ag Template Stripped 

 Figure 23 depicts the carbon, oxygen, and nitrogen peaks of a fresh template 

stripped surface. From the above figure, it can be seen that there are two peaks present in 

the carbon spectra corresponding to C-C and C-O bonding at 284 eV and 287 eV, 

respectively. This suggests that there are different carbon contamination species on the 

surface. Even with the highest precautions taken throughout the deposition methodology 

and template stripping, there are still minimal amounts of carbon contamination on the 
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silver surface. The oxygen contamination in the blank sample is indicative of surface 

oxides as well as some possible silver alkoxides as seen in the carbon shoulder at roughly 

287 eV. The small nitrogen contamination could be indicative of surface nitrates which 

would also contribute to the overall oxygen signal seen in the blank. Carbon 

contaminations are present in the blank and are hard to avoid because of carbon’s presence 

in many materials used during silver deposition.  For example, the crucibles that the silver 

pellets were housed in during the deposition are made of pure carbon. If the electron beam 

hit the carbon crucible that was heated to almost 1000oC, it is plausible that some carbon 

vapour could have contaminated the deposition surface. Another source of carbon in the 

blank sample is the silver itself. It is very plausible that silver had some intrinsic carbon 

contamination even though it was deposition grade silver (99.99% silver).   

4.2.3 UV Adhesive  

The first adhesive that was used for template stripping the silver was an ultraviolet 

adhesive from Norland Products. This optical adhesive is cured under wavelengths ranging 

from 320-400 nm and cured optically clear which made this product ideal for SPR work in 

the future.71  
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Figure 24 - Bicarbonate NHC Deposition 

 The template stripping methodology produced good initial results for the deposition 

of the NHC bicarbonate salt on a silver surface over 24 hours in methanol. There was a 

significant difference between the XPS spectra acquired on template stripped silver surface 

blank and the silver surface which NHC had been deposited. The blank silver surface was 

exposed to the atmosphere for minimal amounts of time before being placed in the ante-

chamber of the XPS for characterization. As seen in the carbon region of the spectra, there 

is a very clear increase in intensity as well as a minor shift to a slightly higher binding 

energy by 0.5 eV. The nitrogen signal has very clearly increased in intensity and there is a 

higher binding energy shift which is very indicative of a different nitrogen species on the 

surface of the silver.  An increase in the oxygen content on the silver surface was also 

observed which was not expected. As seen in the figure above, there is also a higher binding 

energy shift of the oxygen indicating the presence of some new oxygen species which is 

not corresponding to silver oxide. All the samples were calibrated to the metallic silver 

peak during data processing. 
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Figure 25 - Different Chemical Environments of Carbon and Nitrogen of the 

Bicarbonate Deposited NHC 

 The C 1s spectra of the NHC deposited on the template stripped surface showed 

three different electronic environments. The lowest binding energy at 285 eV in the carbon 

signal is indicative of aliphatic carbon species present on the NHC used. The carbon species 

at 286.3 eV is very characteristic of aromatic carbons, which are also present on the NHCs 

that were deposited. The final high binding energy peak is very characteristic of a carbon-

oxygen species present in alcohols or ethers. This higher binding energy peak was most 

likely coming from the solvent that was used in the depositions of the NHC. It was later 

found that methanol very commonly binds to silver and copper surfaces72. Methanol 

binding to the surfaces helps explain the anomaly that was found with the very intense 

oxygen peak in the XPS spectra. Taking ratios of these different carbon environments and 

comparing them to the nitrogen environments helps determine how successful the NHC 

depositions are. The intensity of the signals is also an indication of the surface density of 

the NHC.  There is only one sharp signal in the N 1s region as seen in both figures 24 and 

294 292 290 288 286 284 282 280

Binding Energy (eV)

408 406 404 402 400 398 396

Binding Energy (eV)

 C 1s  N 1s 



 

45 

 

25. There is a very significant shift in the nitrogen signal of almost 1.5 eV, this is indicative 

of a new surface bound species strongly suggesting the NHC was successfully deposited.  

 

Figure 26 - Triplicate of NHC Salt Deposition 

 NHC bicarbonate salt was deposited multiple times on various template stripped 

silver surfaces in methanol and the results are shown in Figure 26. The depositions were 

highly reproducible with peaks being within 0.1 eV of one another and the ratios of all the 

replicate deposition were also in agreement with one another. After fitting the data, the 

carbon ratios were within 1 to 2 carbons atoms of one another when the carbon and nitrogen 

ratios were compared run to run. As depicted in Figure 25, the carbon signal can be 

categorized into three separate environments. Looking at an NHC on a surface there are 13 

carbon atoms, some of which are aliphatic in nature and some aromatic. During data 

analysis, the two lower binding energy environments of the carbon signals were combined, 

while the third higher binding energy peaks at 289 eV were omitted due to the probable 

association of methanol. The carbon area was then compared to the nitrogen area, giving a 

C : N ratio of 16:2. If the higher binding energy carbon was not omitted, the calculated 
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carbon to nitrogen ratio would be 19:2, while the theoretical ratio of the NHC used in the 

depositions should be 13:2. Factoring the very plausible deposition of methanol on to the 

silver surface during the NHC deposition, the higher binding energy carbon signal can be 

assumed as belonging to the methanol. This can be assumed as a competitively depositing 

on the silver with the NHC. When the higher binding energy carbon signals are not omitted, 

the ratios significantly favour the plausible deposition of NHC onto the silver surface. The 

intensity of the nitrogen and carbon signals also strongly indicates a good surface density 

of NHC. 

 

Figure 27 - NHC Salt Deposition vs Free NHC Deposition 

 The final set of experiments that was performed on the UV adhered silver template 

stripped surfaces were the deposition of the free NHC prepared by deprotonation with 

strong base. The depositions were performed in a glove box and the silver was template 

stripped seconds before being put in the ante-chamber of the glove box. This method 

created the carbene species in situ via deprotonation using potassium tert-butoxide. Within 

8 hours of beginning the experiment, the silver surface was completely stripped off of the 

glass support and the silver was floating in the free NHC solution. The silver foil that was 
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stripped from the glass support was characterized via XPS. The carbon peak was 

significantly more intense and the higher binding energy signal was drastically reduced 

when compared to the aliphatic carbon region of the peak. The ratio that was calculated for 

this experiment was 48:2 which strongly indicated the adhesive used in templating the 

surfaces was also binding to the surface of the silver. The data suggest that the adhesive 

was significantly aliphatic as well had significant oxygen content was present in the 

adhesive as seen in Figure 28   

 

Figure 28 - Sulfur and Oxygen Peaks on the Free NHC Deposition 

 Another significant species observed in the wide scan of the free NHC deposition 

was a sulfur peak. Investigation into the chemical composition of the UV adhesive led to 

the discovery that it was a thiol ester compound.71 Leaching of the UV adhesive during 

depositions in methanol seem to be the second factor leading to contamination on the 

surface. This helps in explaining the relatively high oxygen signals found on the surface 

composition of the deposited NHC on silver, as well as higher carbon content in 

comparison to the nitrogen present on the surfaces.  The two peaks that are fit within the 

oxygen peaks also help with proving that there are two separate compounds or chemical 
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environments on the surface of the silver. These two peaks in the oxygen signal 

demonstrate that there was strong evidence of leaching of the adhesive in methanol as well.  

4.2.4 Alternate Adhesives  

As sulfur contamination by the UV adhesive proved to be a challenge during the 

deposition of the NHCs to the silver surfaces, alternative adhesives were explored.  Torr 

Seal adhesive was used to overcome this challenge as it contains no sulfur components in 

the chemical composition of either the hardening agent or the adhesive. Unfortunately, Torr 

Seal is not optically transparent, therefore SPR sensing could not be pursued in future 

experiments.  

 

Figure 29 - NHC Depositions on Ag with Torr Seal Adhesive 

 The same template stripping procedure was used as before, however, there were 

associated challenges when the inconsistent thickness of the adhesive caused inconsistent 

stripping. Another problem that occurred was that the adhesive was not resistant to 

methanol. Within 4 hours of exposure to the NHC methanol solution, the surface was 

completely stripped away from the glass support and the silver would be observed floating 

in the solution. Many different solvents were attempted in the depositions and 

dichloroethane (DCE) dissolved the NHC salt and withstood the solvent the longest. When 
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the solvent was switched to DCE the template stripped surfaces could handle 7 hours of 

exposure to the solvent before there was any sign of glue leaching via XPS. Due to this the 

deposition time was shortened to 3 hours to err on the side of caution. 

 After the NHC 3-hour deposition, the chips were dried under argon steam for 3 to 

5 minutes, ready for characterization via XPS. The results from the Torr Seal template 

stripped depositions with the NHC bicarbonate salt were not reproducible. When the bulk 

silver peak was employed as the reference, there were noticeable shifts of both the carbon 

and nitrogen peaks that were not consistent from sample to sample. The problem which 

probably contributed to these inconstancies was the destruction of the chips during 

characterization. After removing the chips from the stage of the XPS it was clearly visible 

that sheet of silver appeared to be wrinkled/rippled. Upon further inspection, it was evident 

that the X-rays were damaging small parts of the adhesive under the 126 nm thick silver 

sheet in the centre of the chip which caused the silver to wrinkle.  Thus the template 

stripping of a thin flat silver surface with an adhesive on a support is unlikely to work due 

to either leaching or adhesive failure in one way or another. One would need an ideal 

adhesive that is completely resistant to organic and aqueous solvent and has a high melting 

point.  

4.3 Cleaning Ag Surfaces 

4.3.1 Cleaning Methods 

With two previous attempts at preparing a silver template stripped surface having 

failed, it was evident that a new methodology was needed. The adhesive failed by either 

leaching into the deposition solution or to the structural integrity of the adhesive. Many of 

the previous descriptions in the literature for the preparation clean, deposition-ready silver 
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surfaces employ a mechanical abrasive to prepare a clean surface73. This is not an ideal 

way of cleaning a surface for several reasons.  Abrasives and polishing papers change the 

surface topography, leading to a rougher surface and may not clean the surface evenly. 

Another disadvantage of this technique is that residual carbon or silicon from the polishing 

papers will be left on the given surface that is being cleaned73. As seen in the literature, 

both the gold and silver surfaces had up to 45-55% carbon on the surface at deposition 

attempts with thiol solutions73.   

 

Figure 30 - Different Cleaned Ag Wafer Surfaces 

 Another common method of cleaning metallic surfaces is with the use of solvents 

or chemically cleaning the surface74–76. These methods are very cost effective and simple 

to execute. The cleaning solutions that were used were acetone, isopropanol and glacial 

acetic acid. The first two solvent washing methods that were used were acetone and 

isopropanol at 40oC for 10 minutes. Acetone cleaned surfaces did produce a smaller carbon 

signal compared to the isopropanol washing, but the acetone cleaned surface was shifted 

to a higher binding energy which could be indicative of binding or adsorption to the silver 

surface. Isopropanol did not show much of a shift or decrease in peak intensity showing 

292 290 288 286 284 282 280

Binding Energy (eV)

 Template Stripping 

 Acetone

 Isopropanol

 Acetic Acid

C 1s 

410 408 406 404 402 400 398 396 394 392

Binding Energy (eV)

N 1s 



 

51 

 

the washing is not effective. The last method of cleaning that was attempted was chemical 

cleaning via glacial acetic acid. The acid was preheated at 40oC and then the silver surfaces 

were then placed in the acid for 10 minutes and thoroughly dried under and argon stream 

for 3 to 5 minutes. It was found that the chemical cleaning with acetic acid produced the 

cleanest surface with respect to both the carbon and nitrogen signals. The remaining carbon 

and nitrogen peaks observed, therefore are likely to be intrinsically present in the silver 

used in the deposition onto the wafer or introduced during the deposition process.   

4.3.2 Silver on Silicon Wafer 

With minimal amounts of nitrogen and carbon present on the surfaces, the next step 

was to deposit both the NHC bicarbonate salt and the free NHC. 

 

Figure 31 - NHC Salt Depositions in Duplicate on a Clean Silver Coated Wafer 

The NHC bicarbonate deposition time was 24 hours, directly after drying with 

argon after the chemical cleaning. The surface characterization via XPS shows inconsistent  

carbon peaks when processing the data. This is evident in the first run with the very rounded 

carbon peak. This binding energy is evident of significantly more aromatic environments 

than the other. The carbon-nitrogen ratios for the runs are 16:2 and 15:2, which are  

significantly larger than the theoretical 13:2 ratios suggesting either contamination of the 
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surface or an incomplete cleaning of the surface.  The nitrogen peak for the depositions is 

not very intense which is indicative of a low density of the NHC deposition on the surface 

supporting strongly of a contaminated surface forcing a lower density of NHC. A longer 

deposition of 36 or 48 hours might improve the density of the NHC on the silver wafer 

with thorough chemical cleaning before hand. 

 

Figure 32 - Free NHC Deposition On a Silver Coated Wafer 

 Free NHC deposition was run in duplicate for 24 hours under inert atmosphere 

conditions. This produced significantly better results that were reproducible and superior 

to the bicarbonate salt of the NHC. The carbon peak shifts are identical with very similar 

areas and carbon to nitrogen ratios. The shift in the nitrogen peaks on the deposited chips 

is indicative of a bound nitrogen species. The lack of intensity of the nitrogen peak strongly 

suggests that the surface density of the NHC on the surface is low. The free NHC method 

did show a slightly more intense signal when compared to the NHC bicarbonate deposition 

method. This is very promising for flat silver surfaces and the chemical cleaning method 

employed for deposition. The surface density of NHC is not ideal, but can possibly be 

improved with longer deposition times to help reach an equilibrium on the surface. 

4.3.3 Silver Sheets  
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The last surface that was experimented on was sterling grade silver sheets. These 

sheets were cleaned in the exact same fashion as the silver surfaces on the silicon wafers. 

The difference between the previous surfaces that were tested was that the sterling silver 

sheets are no longer “ideal surfaces” in the sense that that are not very flat. The human eye 

can even see the metallic grain lines on the silver sheet. This would simulate a rough 

surface that can more commonly be found in real would applications. 

 

Figure 33 – Bicarbonate NHC vs Blank Silver Sheet  

The first depositions that were performed on the chemically cleaned silver sheets 

were the NHC bicarbonate salts. The carbon peaks are not only more intense than the blank 

but they are also shifted to a higher binding energy which is very indicative of a different 

carbon species from the blank chemically cleaned surface.  The nitrogen peak is also much 

more intense and shifted to a higher binding energy just like the carbon species. These 

ratios are for the carbon and nitrogen signals are 18:2 which are a higher than the theoretical 

ratio of 13:2. This could be due to a carbon contamination that is intrinsically in the silver 

or carbon contamination on the surface, in the grains of the sheets. The strong nitrogen 

signal also is indicative of a successful deposition as well as a good surface coverage of 

the NHC on the silver.  
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Figure 34 - Free NHC Deposition in Triplicate 

The final set of experiments that were performed on the silver sheets was the 

deposition of the free NHC on the sterling silver sheets. This gave very promising results 

for the free NHC on the non-ideal surface. The carbon shifts of the free NHC compared to 

the bicarbonate salt are very similar and within 0.2 eV. This is very promising for both 

deposition methods and their reproducibility. Free NHC depositions give a very high 

binding energy peak in the carbon spectra at 293 eV. This is indicative of a perfluorinated 

carbon species which should not be present on the surface. There are no fluorinated species 

in the synthesis of the free NHC, which is concerning that there is a peak suggesting a 

perfluorinated species. This carbon species can be originating from in the Teflon caps that 

at used in the glove box during the depositions. This will require repeat follow up 

depositions to try to determine the source and eliminate the unwanted high binding energy 

peaks. The nitrogen peaks are also significantly depressed when compared to the 

bicarbonate salt depositions. The nitrogen peak also appears to have a shoulder, if not a 

second peak present within it. This could be due to the NHC standing up and a second 

species could be laying down giving the nitrogen peak at different binding energy. The 
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nitrogen signal compared to the silver is very significantly depressed; this is very indicative 

of a lower concentration and dispersion on the surface allowing the NHC to lay down in 

the grains of the silver. The oxygen signal is also significantly depressed with no shift in 

the binding energy of the oxygen peak. This indicates the probability of a smaller presence 

of silver oxide on the silver sheets. This may be due to a significant enough amount of 

NHC (bound or adsorbed) preventing the formation of the silver oxide surface even if the 

NHC is possibly laying down. The carbon-nitrogen ratios of these specific experiments are 

closer to the ideal 13:2 ratio, this series of depositions did result in an average ratio of 15:2. 

These ratios that were calculated from the run in Figure 34 and did not include the higher 

binding energy carbon at 293 eV which are likely a contamination. 
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Chapter 5 

Conclusions and Future Work  

5.1 Conclusion  

5.1.1 Gold Surfaces 

In conclusion to the heavy metal detection project, the functionalized long chain 

terminal hydroxyl NHC was successfully synthesized from the precursor. The NHC was 

converted to a bicarbonate salt. The second part of the synthesis was the peptide synthesis, 

which was successfully completed using Fmoc synthesis via manual solid support 

synthesis.  

5.1.2 Silver surfaces 

In conclusion to the protection of the silver surfaces, it is evident that the NHCs do 

deposit on silver surfaces employing both the bicarbonate salt and free NHC methods. As 

seen in the case of the UV adhesive, there was clear evidence that that NHC bicarbonate 

salt was depositing onto the silver surface. The Torr Seal adhesive gave inconsistent results, 

not due to the fault of the NHC. The adhesive fault due to X-ray damage caused 

inconsistent results and destroyed the chips. 

 Deposition on the chemically cleaned silver surfaces also led to NHC-

functionalized surfaces using both the NHC bicarbonate salt as well as the free NHC 

methods. Both of these deposition methods did give small nitrogen peaks which are 

indicative of low surface coverage or low surface density. This issue would most likely be 

overcome by either longer deposition time or increasing the concentration of the NHC 

solution in both versions of NHC deposition.  
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 The final surface that was experimented on was sterling Ag sheets that were 

chemically cleaned by acetic acid. These surfaces had very promising results for both NHC 

deposition methods. The bicarbonate NHC gave a significantly greater nitrogen peak than 

the free NHC deposition method suggesting that the surface density of the NHC is denser 

via the bicarbonate NHC deposition method. This can perhaps be overcome with longer 

deposition time or increasing the concentration of the NHC in solution.  

5.2 Future Work  

5.2.1 Gold Surfaces 

The further work of this project would be to full purify the remainder of the peptide 

so it can be fully purified to separate the dipeptide from the tripeptide. This will ensure that 

the surface functionalization of the NHC with only tripeptide will occur. Multiple surface 

deprotections would be tracked via XPS as well as UV-Vis spectroscopy to ensure a fully 

deprotected surface with many available sites for heavy metal detection.  This, in turn, will 

help prevent sites showing no reactivity during flow cell SPR experiments. 

5.2.2 Silver Surfaces 

To properly conclude this study of the deposition of the NHC on silver surfaces as 

fundamental work for silver surface interaction with NHCs one would have to optimize the 

deposition methodology and deposition times for reproducible high coverage surfaces we 

must be established. The packing density would also have to be tested and confirmed, 

which could be via electrochemical techniques. The last part of this study would probe the 

stability of the NHC surfaces. Testing monolayer stability will be done with a variety of 

boiling solvents, oxidation overtime as well as a variety of pH conditions.  
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Chapter 6 

Experimental   

Reagents and starting materials were purchased from Sigma-Aldrich, Chem-Impex 

International, or synthesized using literature procedures. All products created from 

literature procedures matched literature spectra. NMR spectra were recorded using Bruker 

300, 400, and 500 MHz spectrometer using either CD3OD or CDCl3 solvents. The mass 

spectra were recorded using Micromass Platform LCZ 4000 system. The metallic surfaces 

were characterized and recorded via XPS using a Thermo Microlab 310F ultrahigh vacuum 

surface analysis instrument. The binding energies of all the spectra were calibrated to Ag 

at 368.3 eV. 

 

1,3-Diisopropylbenzimidazolum Iodide29 

A mixture of benzimidazole (1.51 g, 12.7 mmol), cesium carbonate (4.15 

g, 12.7 mmol), and 2-iodopropane (6 ml, 4.7 mmol) was stirred in CH3CN 

(120 mL) for 5 minutes. The reaction mixture was then stirred at reflux conditions for 48 

hours. Once the solution cooled 250 mL of H2O was added to the reaction mixture. The 

mixture was then extracted with CH2Cl2 (70 mL x3) and then the organic layers were 

combined and dried with MgSO4. The resulting suspension was filtered and the filtrated 

was concentrated in vacuo. An off white yellow powder was produced. The powder was 

then triturated in ethyl acetate twice followed by two trituration with diethyl ether. This 

produced a much whiter powder but was still off white. Yield = 72% 
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1,3-Diisopropylbenzimidazolum Bicarbonate30 

A hydrogen carbonate exchange resin was prepared from the 

commercial Amberlyst A26hydroxide resin (purchased from Sigma 

Aldrich). The conversion was prepared by suspending the resin 26 g(0.8meq/mL) was 

suspended in 150 ml of deionized water. Carbon dioxide was then bubbled through the 

mixture for 2 hours. The resin does get a lighter shade of pink after the exchange. The 

exchanged resin suspended in water was then measured out in a graduated cylinder (22.8 

mL, 3 equiv). The suspended resin was then transfer to a round bottom flask and the water 

was decanted. The resin was then washed with methanol (3x 25 mL). 1,3-

Diisopropylbenzimidazolum iodine (2.01g, 6 mmol) was dissolved in methanol (25 mL) 

and transferred to the resin and left to stir for 1 hour. The resin was then filtered off and 
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wash with methanol (5 mL). The solution was then concentrated in vacuo. The powder 

produced was triturated and socincated in acetone 3x. The product was a white powder. 

Yield = 62% 

 

 

1-Isopropylbenzimidazole30 

A mixture of benzimidazole (2.0 g, 16.9 mmol), cesium carbonate ( 8.8 g, 

27.0 mmol), and 2-bromopropane (4.4 mL, 46.9 mmol) added via syringe 

and was stirred in CH3CN (120 mL) for 5 minute. The reaction mixture was left to stir 

under reflux overnight (17 hours). Once cooled the reaction mixture was concentrated in 

vacuo to a off white solid. The solid was dissolved in CH2Cl2 and filtered through a celite 

plug. The filtrated was concentrated in vacuo. Column chromatography was used separate 
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the product with 95:5 DCM to MeOH column condition. Fractions 27-40 had the product 

and were concentrated in vacuo. Yield = 93% 

 

 

1,3-Diisopropylbenzimidazolum triflate30  

A oven dried schlenck flask was sealed and evacuated under vacuum 

and back filled with argon. Dry CH2Cl2 was added via syringe. 2-

propanol (0.43 mL, 5.6 mmol) and anhydrous pyridine (0.45 mL, 5.6 mmol) via syringe 

sequentially. The flask was cooled down to -20oC. Triflic anhydride was then added drop 

wise via syringe while the solution was stirring at low temperature. This solution was then 

left to react and stir at -20oC for 30 minutes. The solution was then left to stir for another 

30 minutes while the solution was allowed to reach room temperature. Dry pentane (10 

mL) was added via syringe and left to stir for 10 minutes to create a suspension. In a 
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separate oven dried round bottom 1-Isopropylbenzimidazole (600 mg, 3.8 mmol) was 

added and evacuated and back filled with argon. Dry CH2Cl2 was added. The previously 

formed suspension was filtered through a frit inertly into the 1-Isopropylbenzimidazole 

solution. The reaction mixture was then cooled down to -10oC for 20 minutes and then left 

to react overnight at room temperature (15 hours). This solution was then concentrated and 

produced a very viscous red liquid. The product was then dissolved in minimal amount of 

CH2Cl2 and precipitated via diethyl ether. The product was a pink powder. This powder 

was then triturated and sonicated with ether 3x. this produced an off white powder. Yield= 

67% This was then successfully exchanged with the bicarbonate resin. 
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 2-nitro-4-(undec-10-en-1-yloxy)aniline30 

4-amino-3-nitrophenol (1.07 g, 6.9 mmol) and 11-bromo-1- undecne (1.55 

mL, 7.1 mmol) were dissolved in anhydrous acetonitrile (50 mL) and 

potassium carbonate (0.98 g, 7.1 mmol) was added. The mixture was stirred 

at 80°C for 18 hours under argon. The solvent was then concentrated in vacuo evaporated 

and the residue was dissolved in CH2Cl2 and filtered. Dichloromethane was concentrated 

to produce a solid, the product was separated by flash-chromatograph with 8:2 hexanes to 

ethyl acetate conditions. The product was an orange solid. Yield = 70% 
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 5-(undec-10-en-1-yloxy)-1H-benzo[d]imidazole30 

Formic acid (20 mL) was added to a mixture of 2-nitro-4-(undec-10-en-1-

yloxy)aniline (1.01 g, 3.3 mmol), iron powder (1.85g g, 32.9 mmol), and 

ammonium chloride (1.76 g, 32.9 mmol) in isopropyl alcohol (40 mL). The 

reaction mixture was stirred at 80°C for 3.5 h, then cooled to room temperature 

and filtered through sintered glass filter. The filtrate was concentrated and 30 mL of 

saturated sodium bicarbonate solution was added carefully and slowly to avoid significant 

foaming. Then sodium bicarbonate (powder) was added portion-wise until pH 6 was 

achieved. Then the suspension was extracted with CH2Cl2 3x. The combined organic layers 

were dried over MgSO4, filtered and evaporated to give the product. Yield = 98% 
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 1,3-diisopropyl-5-(undec-10-en-1-yloxy)-1H-benzo[d]imidazol-3-

ium iodide30 

A suspension of 5-(undec-10-en-1-yloxy)-1H-benzo[d]imidazole (1.02 

g, 3.5 mmol) and cesium carbonate (1.3 g, 3.9 mmol) in dry acetonitrile 

(22 mL). 2-iodopropane (2.14 mL, 5 mmol) was slowly added. The 

mixture was stirred at reflux conditions under an argon atmosphere for 48 h. The reaction 

mixture was allowed to cool to room temperature. Water (35 mL) was added to the reaction 

mixture which was then extracted with CH2Cl2 3x. The combined organic layers were dried 

with MgSO4, filtered and then concentrated in vacuo. The crude solid was triturated and 

sonicated in diethyl ether 5x. Subsequent drying under high vacuum afforded the product 

as a yellow powder. Yield = 14% 

 

 



 

66 

 

 5-((11-hydroxyundecyl)oxy)-1,3-diisopropyl-1H-benzo[d]imidazol-

3-ium iodide30 

In an oven dried shlenck flask, 1,3-diisopropyl-5-(undec-10-en-1-yloxy)-

1H- benzo[d]imidazol-3-ium iodide (201 mg, 0.49 mmol) was dissolved 

in 2.4 mL dry THF and the solution was cooled to 0 °C. Dropwise 

addition of a 1.0 M solution of borane-THF (1.5 mL, 1.6 mmol), this was 

then left stirring at room temperature for 2 hours. Cold water (4 mL) was added dropwise 

and then sodium perborate (201 mg, 2 mmol) was introduced. The mixture was vigorously 

stirred at room temperature for 2hours after which it formed a yellow suspension. Water 

(20 mL) was added to the reaction mixture, which was then extracted with CH2Cl2. The 

combined organic layers were dried with MgSO4, filtered and then concentrated. The crude 

oily product was triturated and sonicated in diethyl ether 6x which produced a dark yellow 

powder. Yield = 55%. This compound was then successfully converted to a bicarbonate 

salt using the resin exchange. 
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N-[(phenylmethoxy)carbonyl]-L-glycine (Cbz-L-glycine) 

Glycine ( 370mg, 5 mmol) was dissolved in 2M NaOH (2.5 

mL) and cooled down in an ice bath. While cooled down 

benzyl chloroformate (0.85 mL, 6 mmol) and 4M NaOH (1.25 mL) was added 

simultaneously and dropwise over 10 mintues to the cooled reaction mixture. The reaction 

proceeded in ice bath for 5 hours. Solution was then extracted with ether 3 times. The 

aqueous layer was then acidified with HCl to pH 1 and cool in icebath. White product 

precipitated out of solution. Yield = 62%  
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N-[(phenylmethoxy)carbonyl]-L-histidine (Cbz-L-

histidine) 

Histidine (160 mg, 1 mmol) was dissolved in 2M NaOH (5 

mL) and then the solution was cooled in ice bath. Benzyl 

chloroformate was added dropwise over 10 minutes while the solution was cooled in the 

ice bath. The reaction then was left to react overnight (18 hours). The solution was 

extracted with ether 3x. Aqueous phase was then acidified with HCl to pH 2. The solution 

was then concentrated. Methanol recrystallization was attempted but failed. A white solid 

product was isolated. Product was not pure by NMR. Yield = 60% 
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N,3-bis[(phenylmethoxy)carbonyl]-L-histidine (Cbz-L-

histidine-Cbz) 

Histidine (0.42g, 2 mmol) was dissolved in 2M NaOH (6 mL) 

and then cooled in ice bath. Benzyl chloroformate (0.65 mL, 

4.8 mmol) was added in 50 microliter amounts to the cooled 

solution. The pH was adjusted with 2M NaOH after every addition to pH 9. After the final 

addition, the reaction was left to stir for 1 hour. The solution was acidified with HCl to pH 

2 and the product precipitated. Recrystallization was performed in methanol. Yield = 42% 
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General Procedure DCC Synthesis 

Peptide Synthesis using DCC was carried out on the Merrifield resin composed of 

chloromethylated polystyrene polymer bead (135 mg, 0.2 mmol, 1.5 mmol-1g loading). 

Cbz-L-His-Cbz (1 equiv) was dissolved in ethyl acetate and added to a round bottom flask 

and the resin was added. Triethyl amine (1 equiv) was added and the reaction was left to 

reflux for 48 hours. The resin was wash in sequence by the following solvents, ethyl 

acetate, ethanol, water, and methanol. The resin was exposed to the deprotection acidic 

conditions with HBr for 5 hours. The resin was neutralized by 6% triethyl amine in DMF 

for 10 minutes. The resin was then washed with DMF. Cbz-L-glycine (1 equiv), DCC 

(1equiv), was dissolved in DMF and added to the resin and stirred for 18 hours. The resin 

was then washed with DMF. The appropriate deprotection and coupling steps were 
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repeated to complete the synthesis. The peptide was cleaved from the resin via 2M NaOH 

(1 equiv) in ethanol while stirring for 1 hour. The solution was filter and then neutralized 

with HCl to a pH 7. Solution was then concentrated to produce a white stick solid. Mass 

spectrum and NMR did not show the expected product. 

 

General Procedure DIC Synthesis 

Peptide Synthesis using DIC was carried out on the Merrifield resin composed of 

chloromethylated polystyrene polymer bead (275 mg, 0.41 mmol, 1.5 mmol-1g loading). 

Cbz-L-His-Cbz (1 equiv) was dissolved in ethyl acetate and added to a round bottom flask 

and the resin was added. Triethyl amine (1 equiv) was added and the reaction was left to 

reflux for 48 hours. The resin was wash in sequence by the following solvents, ethyl 

acetate, ethanol, water, and methanol. The resin was exposed to the deprotection acidic 

conditions with HBr for 5 hours. The resin was neutralized by 6% triethyl amine in DMF 

for 10 minutes. The resin was then washed with DMF. Cbz-L-glycine (1.5 equiv), DIC (1.5 

equiv) and HOBt (1.5 equiv) was dissolved in round bottom in DMF and left to stir for 30 

minutes. The reaction mixture was then added to the resin with DIPEA (1 equiv) and left 

to stir for 18 hours. The resin was then washed with DMF. The appropriate deprotection 

and coupling steps were repeated to complete the synthesis. The peptide was cleaved from 

the resin via 2M NaOH (1 equiv) in ethanol while stirring for 1 hour. The solution was 

filter and then neutralized with HCl to a pH 7. Solution was then concentrated to produce 

a white stick solid. Mass spectrum and NMR did not show the expected product. 
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General Procedure Fmoc Synthesis77  

Peptides were synthesized using Fmoc 

chemistry on a 2-chlorotrityl resin (1gm , 

1.1 mmol, 1-1.1 mmol g−1 loading). 

Reactions were performed in a Peptitde Vessel.78 The resin was preswollen in DMF (12 

mL, 10 min) by bubbling with argon. Between deprotections and couplings, the vessel was 

drained under argon pressure and washed with DMF (3 × 5 mL). The Fmoc group was 

removed by bubbling with 20% piperidine in DMF. The deprotection steps were monitored 

by UV absorbance. Fmoc-L-glycine (5 equiv.) was pre-activated by shaking with 1-

[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid 

hexafluorophosphate (HATU) (5 equiv.) and N,N-diisopropylethylamine (DIPEA) (10 

equiv.) in DMF (15 mL) for 15 min. The resin was bubbled with Ar in the coupling solution 

for 1.5 h, drained and washed with DMF. Appropriate deprotection and coupling steps were 

continued to complete the peptide synthesis. The resin-bound peptide was washed with 

CH2Cl2 (3 × 5 mL) and dried under argon for 20 min. The resin was transferred to a screw 

top vial containing trifluoroacetic acid (TFA)/ triisopropylsilane (TIPS)/H2O (95 : 2.5 : 2.5, 

2 mL) and shaken for 2 h. The cleavage solution was filtered and concentrated in vacuo 

and the crude peptide was precipitated with cold diethyl ether. The crude product spectra 

are shown below. Purification was challenging and unsuccessful. 
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Mass of peptide = 491.186.  Positive mode Mass =492.186 

 

HOB20160303-EC121_160303170324 3/3/2016 5:03:24 PM HOB20160303-EC121

HOB20160303-EC121_160303170324 #247 RT: 3.44 AV: 1 NL: 8.42E6
T: FTMS + p ESI Full ms [150.00-2000.00]
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General Procedure for E-Beam deposition  

The silicon wafer was first cleaned with an isopropanol wash and then dried under a 

nitrogen stream. The wafer was then transferred into the bell chamber. The silver grade 

pellets were then loaded into the carbon crucible. The evaporator was then brought down 

to UHV. The deposition rate was on a slow gradient starting at 0.5 angstroms per second 

to 3 angstroms per second. Once the silver was 400nm thick, the shutters were closed and 

the system was allowed to cool.   

 

 

HOB20160303-EC121_160303170324 3/3/2016 5:03:24 PM HOB20160303-EC121

HOB20160303-EC121_160303170324 #247 RT: 3.44 AV: 1 NL: 2.95E6
T: FTMS + p ESI Full ms [150.00-2000.00]
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General Procedure for UV-Vis Template Stripping  

Glass slides were scored and cut into the dimensions of 0.6 cm by 0.6 cm. The glass was 

then cleaned using acetone and dried under a stream of air. A small drop of the adhesive 

was place in the center of the glass support. The support was then placed on the silver that 

was deposited onto the silicon wafer. A UV lamp was then placed over the glass for 10 

minutes at a wavelength of 365 nm. The silver around the glass support was then scored 

via clean razor blade, then pulled off of the wafer using tweezers exposing a clean silver 

surface. 

 

General Procedure for Torr Seal Adhesive 

Glass slides were scored and cut into the dimensions of 0.6 cm by 0.6 cm. The glass was 

then cleaned using acetone and dried under a stream of air. The adhesive was then mixed 

with the hardening agent in the appropriate ratios. A small drop of the adhesive was placed 

in the center of the glass support and then distributed evenly across the surface in a thin 

layer. The supports were left undisturbed for 24 hours during the hardening period. The 

silver around the glass support was then scored via clean razor blade, and then pulled off 

of the wafer using tweezers exposing a clean silver surface ready for deposition. 

 

General Procedure for cleaning the Silver on the silicon wafer 

The silicon wafer was put upside down on a kimwipe, silver surface down exposing the 

back of the wafer. The wafer was carefully scored in the dimensions of 0.6 cm by 0.6 cm. 

The chips were then carefully broken. The silver chip was then placed in acetic acid that 
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was preheated to 40oC. The chip was cleaned in the acetic acid for 10 minutes and rinsed 

with DCE. The silver surface was then dried under an argon stream ready for deposition.  
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